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ABSTRACT
Temperature and light are key determinants of microalgal specific growth rates (ju) and hence 
also influence aquatic ecosystem dynamics. Despite this importance there is no clear consensus 
on the functions that should be used to model the effects of these environmental variables on 
within- and across-species microalgal growth rates. Therefore examining the biological basis 
and statistical fits of existing functions, and deriving new ones, comprise the main objective of 
this thesis. Using quantile regression, and information theory I have compared existing 
functions and derived new ones that describe microalgal maximum specific growth rates (pmax) 
in response to temperature, photon-flux density (PFD), daylength, and PFD, and daylength 
combined. The main findings are outlined in (i) to (v), below, (i) A comparison of the pmax 
temperature function derived here to the function of Eppley (1972), suggested that the Eppley 
curve intercept is too low and that models that incorporate the Eppley function may 
underestimate primary production by ~ 30%. (ii) My non-linear general model of microalgal 
growth in response to daylength will be useful in comparative studies to normalise growth rates 
to a standard daylength. Extrapolation, using an assumed linear relationship, from short 
daylengths to 24 h can lead to growth overestimates of as much as 65%. Thus, this thesis 
recommends accounting for the non-linearity of this relationship in calculations of primary 
production, (iii) The applicability of using the daily light-dose (DLD = PFD x daylength) to 
describe the specific growth rate response of the freshwater flagellate Cryptomonas sp. across a 
range of DLDs was examined experimentally, and revealed that the DLD concept may not 
always be reliable because the shape of the growth response to DLD depends on the ratio of 
PFD to daylength. (iv) I tested the universality of the metabolic theory of ecology (MTE) as 
applied to microalgal specific growth rates, both within- and across-species, and found that the 
temperature dependency (expressed as an activation energy, Ea) of microalgal specific growth 
rates (0.48 eV) is higher than the value predicted by the MTE for processes controlled by 
photosynthesis in C3 plants. This study also found no significant difference between the 
thermal sensitivity of the microalgal acclimatory growth rate response and the evolutionary 
response. This result differs from that predicted by an evolutionary trade-off hypothesis. In 
addition the allometric exponent was significantly and substantially different from the value of 
-0.25 predicted by the MTE and suggests that microalgal specific growth rates may not 
conform to the quarter-power size-scaling relationship predicted by the MTE. (v) The most 
appropriate temperature function to model microalgal specific growth rates was addressed 
within- and across-species, and over regions of the response that both included and excluded 
temperature extremes. When temperature extremes were excluded the within-species 
relationship was best described by the linear function whereas the across-species p max 
relationship was best described by the Arrhenius (1889) model, suggesting little justification 
for the continued use of exponential functions, such as the widely used Qio relationship. Over 
the full thermal range the within-species relationship was well described by a Gaussian 
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PREFACE
I started this endeavour with the aim of making a contribution to the existing 
scientific understanding of the effects of climate change on biological processes. I had 
originally, rather loftily, hoped that after four years hard work that this thesis might 
represent some sort of final word on this subject as applied to microalgae. Now, of 
course, I realise that research is an iterative process but maybe for me I can at least say 
that “This is not the end. It is not even the beginning of the end. But it is, perhaps, the 
end of the beginning” (Churchill 1942).
The structure of this thesis follows the recommendations of Stanistreet (1996) as 
“a sequential series of linked chapters, bracketed by a general introduction and a general 
conclusion”. Each chapter was conceived as a paper that follows the style of Limnology 
and Oceanography, a sensible target journal for the subject matter of this thesis. One 
advantage of this approach is that “it facilitates the preparation of sections of the work 
for publication” (Stanistreet 1996) so providing training in some of the key academic 
skills needed by a scientific researcher. In direct support of this argument two published 
papers have arisen from this thesis: one directly derived from chapter 2 (Bissinger et al. 
2008), and another (Montagnes et al. in press) indirectly related to this thesis (see 
Appendix 6). Furthermore, it is my intention to publish all the remaining chapters as 
papers. If there is any disadvantage with this approach it is that as each chapter was 
designed to ‘stand alone’ there may be some repetition in the methods sections of the 
chapters when this thesis is read in its entirety.
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The importance o f  microalgae in aquatic ecosystems
Aquatic unicellular autotrophs or microalgae are thought to account for ~ 45% of 
global photosynthesis (Falkowski and Raven 2007) so play a key ecological role in 
aquatic ecosystems. Microalgae include both planktonic and benthic species and in the 
pelagic realm the phytoplankton are the dominant primary producers, being responsible 
for fixing between 30 and 50x 109 tonnes C y f 1 (Falkowski 1994). Although the 
distribution and productivity of benthic microalgae is limited by the depth of the 
euphotic zone, they are the dominant primary producers in streams, shallow lakes, 
wetlands, and estuaries (Stevenson 1996). Therefore, as microalgae are such an 
important component aquatic primary production, the challenges imposed by global 
climate change (IPCC 2007) mean that there is an imperative to better understand how 
environmental variables, such as temperature and light, affect these primary producers. 
Intrinsic rates of natural increase (commonly expressed as specific growth rates, p, in 
planktonic ecology) are a major determinant of primary production and a quantification 
of how p  varies within and across multi-species assemblages is the main focus of this 
thesis.
A multi-species approach to investigate microalgal specific growth rates
Multi-species analyses facilitate an understanding of how broad-scale 
environmental variation (e.g., a temperature gradient) can influence physiological traits
1
in ways that have previously gone unrecognised in small-scale investigations (Chown et 
al. 2004). For example, differences in metabolic cold adaptation between teleost fish 
(Clarke and Johnston 1999) and terrestrial insects (Addo-Bediako et al. 2002) suggest 
evolutionary, and ecological, differences in thermal adaptation between aquatic, and 
terrestrial environments. Thus, by using interspecific variation in physiological traits, 
macrophysiological (Chown et al. 2004) approaches facilitate a better understanding of 
the reasons for variation in physiological characteristics, how they have evolved, and 
their subsequent ecological implications (Chown et al. 2004). However, in addition to 
examining broad trends, this study also examines within-species microalgal growth rate 
responses to daylength (Chapter 3), and temperature (Chapters 5, and 6) over a wide 
range of species.
When using iterative curve fitting methods, as in this study, the evaluation of a 
model’s goodness of fit is enhanced by maximising the number of independent variable 
measurements rather than increasing the number of replicates (Johnson 1992; 
Montagnes and Berges 2004). However, few previous studies have assessed microalgal 
growth rates over wide ranges of temperatures and light levels. Consequently, in 
addition to analysing data compiled from the literature, this study also adopts an 
experimental approach (e.g., Chapters 3, 4, and 6) when the collection of high quality 
growth rate data, over wide ranges of light levels and temperatures, facilitates model 
parameterisation.
2
Strategies for analysing multi-species data
One concern when modelling multi-species responses (e.g., specific growth 
rates) to a single limiting factor, such as temperature, is that the relationship will be 
confounded by unmeasured variables in the data. For example, size (Savage et al. 
2004a), taxonomic affiliation (Banse 1982), and light (e.g., Lopez-Urrutia et al. 2006) 
may also explain much of the variation in microalgal specific growth rates. When 
further information is available regarding these other possible limiting factors, and there 
is a known mathematical relationship between the factor and the response variable, the 
effects of these other factors can be controlled either by normalising the data or 
accounting for the relationship in the statistical analysis (Lopez-Urrutia et al. 2006).
This is the approach adopted in Chapter 5 of this thesis. However, as this approach 
requires further information regarding these other factors, which may not always be 
available, this may limit the sample size and thus possibly limit the statistical power of 
the analysis. Consequently, another way to quantify the effects of a factor on specific 
growth rate is to use all the available data and concentrate on the maximum response 
iPmax) to the environmental factor i.e., the upper envelope of a scatter graph (Scharf et al.
1998). Below this ceiling other unmeasured factors may be the active limiting constraint 
so the upper edge of the distribution, rather than the centre, gives the best estimate of the 
effect of the limiting factor in question on the response variable (Kaiser et al. 1994;
Cade et al. 1999). This approach is used to derive functions describing microalgal pmax 
in response to temperature (Chapters 2, 5, and 6), and both daylength, and photon flux 
density (PFD) (Chapter 4).
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Quantile regression
Quantile regression (Koenker and Bassett 1978) is a statistical technique that can 
objectively determine a relationship at the upper edge of a scatter graph (Cade et al.
1999). The r,h quantile represents the situation where r proportion of the observations 
are below and 1- r proportion of the observations are above the linear estimate, for 
example the 99th quantile describes a line below which are found 99% of the 
observations. Quantile regression is based on minimising the sum of the weighted 
absolute residuals, which is achieved by the inclusion of a check function that gives 
differing weights to positive and negative residuals. The minimisation problem can then 
be solved using linear programming methods. In addition to estimating maximum, or 
minimum, responses quantile regression has many other advantages compared to 
ordinary least squares (OLS) regression. For example, it is more robust to outliers than 
OLS regression, makes no assumptions about the error distribution in the model and 
retains its statistical properties under any linear or non-linear monotonic transformation 
(Cade and Noon 2003). Consequently, this method has the added benefit that it is 
possible to use a non-linear transformation (e.g., logarithmic) to estimate the regression 
quantiles and then back-transform the estimates without loss of information (Cade and 
Noon 2003). Furthermore, estimation of the edge of a scatter graph using quantile 
regression is not burdened by arbitrary decisions about data partitioning and the numbers 
or width of size classes (Scharf et al. 1998), as is the case when binning approaches are 
used (e.g., Blackburn et al. 1992; Rose and Caron 2007). In this thesis quantile 
regression is used to derive ¡umax functions in Chapters 2, 4, 5, and 6.
4
Model selection procedures
Throughout this study an information-theoretic approach (Burnham and 
Anderson 2002) is used to facilitate the selection of the most appropriate model of the 
microalgal growth rate response to temperature or light. This approach is adopted as it 
explicitly accounts for the tendency of models with more parameters to over-fit the data 
(Angilletta 2006) and, furthermore, a comparison of the Akaike weights (Burnham and 
Anderson 2002) associated with each model allows the relative strength of evidence for 
each to be assessed. In this procedure models are iteratively fit (SigmaPlot v.10, SPSS 
Inc., Chicago, USA) to the data then, following Burnham and Anderson (2002), the 
residual sum of squares (RSS) from each fit is used to determine the maximised log-
likelihood value (log l(0 |> ’))of the parameters (Eq. 1.1). This is then applied to
calculate the Akaike information criterion (AIC) (Eq. 1.2) for each model:
f  R S S \ - N
log L — log
V N  y
AIC = -21ogZ(Â |y)+2P
(1.1)
(1.2)
where [è y j represents the parameters Ô given the data y, N  is the sample size and P is
the number of parameters (including the error term). In this thesis the corrected AIC 
(AICc) (Eq. 1.3) is used in favour of the AIC when the sample size is small compared to 
the number of estimated parameters (Burnham and Anderson 2002).
AICc = -2  log L (Ô \y ) + 2P + 0-3)
As the AICc estimates the information lost when using a particular model to describe the 
data (Burnham and Anderson 2002), the most likely model is that with the lowest AICc.
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The Akaike weights (Eq. 1.5) can then be calculated from the likelihood of each model 





where L | x) is the likelihood of the model git given the data x; A, is the difference
between a given model’s AICc and that of the lowest AICc; and R is the set of candidate 
models. In this thesis information theory is used in Chapters 3, and 6.
The influence o f temperature on microalgal specific growth rates
Temperatures vary spatially and temporally in the aquatic environment and may 
impact microalgal growth chemically by changes in enzyme kinetics (Johnson et al. 
1974) or physically through changes in water viscosity (Belehradek 1935) or the 
solubilities of CO2 and O2 (Brown et al. 1995). Temperature is a key determinant of 
microalgal physiological processes (Raven and Geider 1988), with most biological 
processes increasing between temperature extremes (Cossins and Bowler 1987). As 
climate change is predicted to increase global temperatures by 0.3 - 6.4°C over the next 
century (IPCC 2007), there is a need to better understand how these rising temperatures 
will impact future aquatic primary productivity. Whilst general multi-species 
relationships between temperature and metabolism have long been observed (Krogh 
1914), and advances have been made in understanding the ecological patterns and 
evolutionary forces driving temperature adaptation in multi-species assemblages of
6
teleost fish (Clarke et al. 2004), the effect of temperature on growth rates of microalgae 
across species has not progressed greatly since the analysis of Eppley (1972). The 
Eppley curve describes an exponential function that defines the maximum attainable 
daily growth rate of marine phytoplankton as a function of temperature. As there are 
concerns that the intercept of the Eppley curve is too low (Brush et al. 2002), and may 
not be accurate because it was originally fitted by eye, Eppley’s data is re-analysed and a 
new function derived in Chapter 2. As the aim of Chapter 2 is to adopt the same 
approach as used by Eppley (1972) an exponential function is applied. However, the 
suitability of the exponential function (and other functions) to describe microalgal 
growth rates in response to temperature is addressed in Chapter 6.
The metabolic theory o f ecology
The metabolic theory of ecology (Gillooly et al. 2001; Brown et al. 2004) states 
that much of the variation among organisms, including life history traits and ecological 
roles, is constrained by body sizes, operating temperatures, and chemical compositions. 
Moreover, the joint effects of body size, M, and temperature T (K) on individual 
metabolic rate have been combined into one function that is capable of describing the 
metabolism of all organisms (Gillooly et al. 2001; Brown et al. 2004):
B = i0M 3/4e Ea/kT (1.6)
where B represents metabolic rate, Ea is the activation energy, k  is Boltzmann’s constant 
(8.62x 10-5 eV K '1), and io is a normalisation constant independent of body size and 
temperature. It is argued that the quarter-power scaling exponent adopted in this model
7
is based on the fractal geometric design of the surfaces of internal transport networks 
Savage et al. (2004b). Whereas, the adoption of the Arrhenius (1889) term (Eq. 1.7)
in Eq.1.6 is based on the assumption that metabolic rates increase exponentially with 
temperature. Chapter 5 compares the thermal sensitivity (expressed as an activation 
energy) of microalgal specific growth rates with that predicted by the MTE (Allen et al. 
2005) and investigates whether there are differences in thermal sensitivity between 
microalgal acclimatory (within-species), and evolutionary (across-species) growth 
responses. Then the suitability of the Arrhenius function to describe the thermal 
sensitivity of microalgal specific growth rates is assessed in Chapter 6.
The influence o f light on microalgal specific growth rates
Light is a key variable influencing aquatic primary production, with the 
availability of light varying across a range of spatial and temporal scales (Falkowski and 
Raven 2007). Microalgal photosynthesis depends both on daylength and photon flux 
density (PFD, //mol photons m'2 s '1). Daylength varies seasonally and these variations 
are most noticeable at high latitudes where there can be 24 h of daylight in the summer 
months. In contrast, PFD varies both diumally, and throughout the day because of 
changes in cloud cover. With a clear sky the maximum PFD at the surface of a water 
body can reach ~ 2000 //mol photons m'2 s '1, although this varies with the angle of the 
sun (Lalli and Parsons 2002). In addition to these effects, both the quality, and intensity
8
of light is affected by its passage through the water column (Kirk 1994). There being an 
exponential decrease in light intensity with depth, with different wavelengths of the 
visible spectrum penetrating to different depths, until eventually the compensation depth 
is reached when photosynthetic production is balanced by respiratory losses (Kirk 1994).
Chapter 3 derives a non-linear general model of microalgal growth in response to 
daylength and illustrates that assuming a linear one-to-one relationship (i.e., growth at 
24 h being double that at 12 h) when extrapolating from growth at one daylength to 
another (e.g., Brush et al. 2002; Kiorboe 1997; Landry et al. 2000) can lead to large 
over- and underestimates. Chapter 4 initially assesses the applicability of combining 
PFD and daylength measurements into one daily light-dose (DLD, mol photons m'2 d 1), 




Predicting marine phytoplankton maximum growth rates from 
temperature: Improving on the Eppley curve using quantile regression
Introduction
Models of aquatic primary production are useful tools to predict global 
biogeochemical fluxes and better inform those involved in aquatic resource 
management. Marine phytoplankton are a key component of many of these models both 
because of their carbon assimilation (Behrenfeld et al. 2001) and because of their effect 
on other ecosystem components (Ryther 1969). Because the utility of such models 
hinges on the quality of the parameters, we need to be confident in their reliability.
Thus, in this study a statistical technique is applied to assess the reliability of a 
parameter, relating phytoplankton maximum growth rates to temperature, which is a key 
component of numerous aquatic production models (e.g., Tett et al. 1985). Furthermore, 
the difference between this relationship and the growth-rate response of heterotrophic 
protists to temperature has been implicated in the formation of algal blooms in high- 
latitude ecosystems (Rose and Caron 2007). Thus, the consequences of correctly 
interpreting the data are considerable.
In dynamic ecosystem production models a temperature function is often used to 
set the upper limit of phytoplankton growth rates. From this theoretical maximum, 
growth rates are then reduced by applying coefficients relating to environmental limiting 
factors such as day-length, photon flux density, and nutrients (Bowie et al. 1985). One 
temperature function commonly used is that developed by Eppley (1972):
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(2.1)
This exponential relationship defines the maximum attainable daily growth rate {fimax, d’ 
') of phytoplankton as a function of temperature (T, °C) and has the advantage over 
more complex functions of being able to generate predictions in the absence of other 
data, such as community composition or phytoplankton size. The relationship was 
formulated from a compilation of data from laboratory culture studies in which light and 
nutrients were considered replete. Eppley (1972) indicated that the data fell within an 
upper envelope and drew a line by eye that defined the maximum expected growth at 
any given temperature between 0 and 40°C (Fig. 2.1).
The citation history (> 800) of Eppley (1972) suggests that its strong influence is 
as pronounced today as it was over 30 years ago (Fig. 2.2). In a sample of 450 papers 
that cite Eppley (1972), 103 incorporate some aspect of the Eppley formulation in a 
model i.e., either the function itself (e.g., Cugier et al. 2005) or the Q\q of 1.88 derived 
from the Eppley function (e.g. Tett et al. 1985). Another 85 studies compare their 
results to the theoretical maximum expected from the curve (e.g., Durbin 1974;
Admiraal 1977); of these, 62 had results similar to or below the curve, and 15 had results 
that exceeded the theoretical maximum (e.g., Brush et al. 2002). In addition, some 
studies suggest that an exponential function is not the most appropriate model of the 
relationship across a wide range of temperatures (Moisan et al. 2002). Recognition of 
these discrepancies throws doubt on the applicability of the Eppley function and thus 








Fig. 2.1 ‘Variation in the specific growth rate ¡i of photoautotrophic unicellular algae 
with temperature’. Redrawn from Fig. 1 of Eppley (1972).
73-77 78-82 83-87 88-92 93-97 98-02 03-06 
Years
Fig. 2.2 Citation history (http://wok.mimas.ac.uk/) of ‘Temperature and phytoplankton 
growth in the sea’ (Eppley 1972). Total number of citations = 835.
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Here this study focuses on the exponential portion of the response, as Eppley 
(1972) did, and explores the outcome of a statistical approach that objectively defines 
the upper edge of a scatter graph, providing a quantitative measure of the reliability of 
the estimate obtained. Problems with fitting a line of maximum growth by eye include 
the subjectivity of the method, especially the risk that the relationship may be 
disproportionately affected by outliers, and the impossibility of quantitatively measuring 
the precision of the model parameter estimates. In the Eppley (1972) function an 
estimate of nmax was inferred from a small sample (n = 162) without any measure of the 
confidence in that estimate. Furthermore, since Eppley (1972) produced his curve, 
numerous growth-rate studies have been published with data suitable for incorporation 
into a new analysis. Therefore, if we plan to use Eppley-like functions in modem 
aquatic ecosystem models a quantitative assessment of the reliability of this relationship 
is needed.
Quantile regression (Koenker and Bassett 1978) can be used to infer 
relationships from the edges of scatter graphs (e.g., the upper edge of the Eppley (1972) 
data set, Fig. 2.1); for example the 99th quantile describes a line below which are found 
99% of the observations. This approach has already been applied to other problems in 
the aquatic sciences (e.g., the study of maximum bathymetric body size gradients in 
gastropods carried out by McClain and Rex 2001; and the investigation of opportunistic 
predation in tuna by Menard et al. 2006). Briefly, quantile regression is based on least 
absolute deviations (LAD) regression, which uses the median rather than the mean, and 
therefore is less sensitive to extreme outlying values than ordinary least squares (OLS) 
regression. The quantile of interest (r) is estimated using an optimisation function that
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minimises the sum of weighted absolute deviations (Koenker and Bassett 1978; Koenker 
and d’Orey 1987) and the solution to the minimisation problem is achieved using an 
algorithm such as the simplex method (Cade and Noon 2003). Typically, like most 
modem statistics, these algorithms are available in computer packages e.g., R v. 2.4.1. 
(http://www.r-project.org).
Regression quantiles, unlike OLS regression, make no assumptions about the 
error distribution in the model and retain their statistical properties under any linear or 
non-linear monotonic transformation (Cade and Noon 2003). Consequently, this method 
has the added benefit that it is possible to use a non-linear transformation (e.g., 
logarithmic) to estimate the regression quantiles and then back-transform the estimates 
without loss of information (Cade and Noon 2003). Furthermore, estimation of the 
edges of scatter graphs using quantile regression is not burdened by arbitrary decisions 
about data partitioning and the numbers of size classes (Scharf et al. 1998), as is the case 
when binning approaches are used (e.g., Blackburn et al. 1992; Rose and Caron 2007). 
As calculation of the standard error for the quantile of interest is dependent on variance 
in the sample distribution around this quantile (Cade et al. 1999), it is not possible to 
calculate an upper Cl for a 100% quantile (r = 1.0). Therefore, the most reliable 
estimate of the edge of the data is that defined by the highest (i.e., nearest to 100%) 
quantile regression line with confidence intervals that do not include zero (Cade et al. 
1999). Thus, in this type of analysis there is often a trade-off between the maximum 
regression quantile (r) that can be estimated and the confidence in that estimate.
In this study five issues are addressed: i) the data compiled by Eppley (1972) is 
re-analysed using quantile regression and the statistics associated with the 99th quantile
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examined; ii) following the approach of Eppley (1972), all suitable available data are 
used to compile a large (n = 1501), database (Liverpool phytoplankton database, LPD) 
and quantile regression is then used to establish a new predictive equation; iii) as 
diatoms tend to exhibit high specific growth rates (Furnas 1990) the new, comprehensive 
database is examined to determine whether it produces a biased response, due to a larger 
proportion of diatoms; iv) the Q\0 of the observed responses are calculated and 
compared, as Q io is used regularly to predict primary production (e.g., Tett et al. 1985; 
Doney et al. 1996); and finally v) the quantile regression parameter estimates are 
analysed to determine whether they are influenced by growth rate data at high 
temperatures, as there are indications that the growth rate response should deviate from 
an exponential response at higher temperatures (Behrenfeld and Falkowski 1997).
Methods
Quantile regression
Here quantile regression is used to estimate the maximum growth rates of 
phytoplankton at different temperatures together with a quantitative measure of the 
confidence in that estimate. As linear quantile regression provides estimates of standard 
errors and confidence intervals (Cl), the data were linearised by logarithmic 
transformation. However, log-transformation of the data to accommodate zero and 
negative growth values (e.g., logy +1) prevented direct comparison with the Eppley 
equation, so these few data (< 1 % of the LPD and ~ 5% of the Eppley data set) were not 
included. Quantiles and associated statistics were calculated using the ‘quantreg’ 
(Koenker 2006) package in the statistical language R v. 2.4.1. (http://www.r-project.org).
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When estimating extreme quantiles with confidence, a large sample size is 
required to provide a reasonable density of observations near the edge of the data (Cade 
et al. 1999). To ensure reliable estimates, Rogers (1992) suggests that «>5/(1 - q )  
(where n is the sample size, and q is the quantile of interest), so to estimate the 99lh 
quantile n > 500. In this study the most reliable estimate of the edge of each data set is 
defined as the quantile that is the highest possible, complies with the sample size- 
quantile recommendation of Rogers (1992), and has a slope with 95% Cl that exclude 
zero. In the following analyses data sets are identified with subscripts where: ^  
signifies the Eppley data, (lpd) signifies the Liverpool phytoplankton database, and (43% d) 
signifies the subset of the LPD data where diatoms constitute 43% of the total (the same 
proportion as in the Eppley (1972) data set).
Re-analysing Eppley’s data
Eppley (1972) compiled phytoplankton growth-rate data from both primary and 
secondary sources and only included data from cultures that were grown in nutrient- 
replete conditions under continuous illumination, or at optimum daylength where a 
continuous photoperiod was detrimental to growth. Data points (n = 153 after zero 
values were removed) from Fig. 1 of Eppley (1972) were digitised using Grab It! 
(Raleigh, NC) data capture software and converted (i.e., multiplied by InT) from 
doublings d '1 to specific growth rates (p, d 1). The 99th(£) quantile was calculated as 
described above and visually compared to the Eppley curve (see Fig. 2.3A), as the 
sample size was too small for further analysis.
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Analysing the Liverpool phytoplankton database
The Liverpool phytoplankton database (LPD, n=  1501 growth rates of marine 
taxa) only includes laboratory studies from the primary literature, i.e., field-based 
observations and compilations of growth-rate studies were not included. Data presented 
graphically were digitised using Grab It!, and growth rates expressed as doublings or 
divisions per day were converted to specific growth rates. Data from species that were 
originally isolated from the benthos were not included, and where experiments varied 
salinity, only those growth rates with salinities >30 were included. Thus, the LPD 
comprises studies that measured growth rates: at only one temperature and those that 
collected growth rates over a number of different temperatures; in batch, continuous, and 
chemostat experiments; and for various daylength and photon flux density combinations. 
Consequently, the LPD includes data where conditions were not always replete and 
maximum growth rates were not always achieved. The LPD has been compiled from 51 
publications, is ~ 10 times larger than Eppley’s data set, and is composed of 92 species 
or strains from 62 genera (Appendix 1).
The influence o f the percentage o f diatoms in the data
As regression quantiles are based on the percentage of data above or below the 
specified quantile, and the fast growth rates of diatoms (Fumas 1990) may mean that 
there is a greater percentage close to the upper envelope, it was important to investigate 
whether the larger proportion of diatoms in the LPD (68% compared to ~ 43% in the 
Eppley data set) biased this analysis. This was achieved by randomly sub-sampling (n = 
828) the LPD to create 30 sub sets in each of which diatoms constituted 43% of the total.
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For each sub set the 99,h(43o/oD) quantile with ±95% Cl was calculated, and the mean of 
these was then compared to the Eppley curve and 99th(ira) quantile. To determine if 
differences existed between the slopes and intercepts of the log-transformed Eppley 
curve, 99tb(LpD), and 99th (43% d) quantiles (i.e., 3 comparisons) /-tests were applied. To be 
conservative, these tests were Bonferroni corrected (Sokal and Rohlf 1995) giving an a 
value of 0.01.
Calculating the Q10
The Q\o of the LPD pmax, and that derived from the subsets with 43% diatoms, 
was calculated using the 0 iOmodel of Van’t Hoff (1884). This procedure assumed an 
exponential response and that there was no inhibition of growth rate at high 
temperatures, following the approach of Eppley (1972).
The influence o f growth rates at high temperatures
At higher temperatures (> 29°C, see Fig. 2.3B) data points were fewer and 
appeared to have maxima below the calculated 99th quantile, so to alleviate any concerns 
that these high-temperature data may be unduly influencing the parameter estimates 
from the quantile regression analysis, a reduced data set was created that excluded 
growth-rate data at temperatures > 29°C. To determine if there were differences 




Analysis o f  Eppley’s data
Qualitatively, the 99th(£) quantile appears similar to the Eppley curve (Fig. 2.3A). 
However, as only one positive residual point occurs above the 99,h(£) quantile it was not 
possible to statistically analyse the differences between the 99,h(£) quantile, and the 
Eppley curve. Thus, error estimates were not obtained for the Eppley curve using 
quantile regression.
Analysis o f  Liverpool phytoplankton database
As the ± 95% Cl of the 99th(LPD) quantile slope estimate excluded zero and 
complied with the minimum size recommended by Rogers (1992) (Table 2.1), this 
quantile provided the most reliable estimate of the edge of the LPD data set. Back 
transformation of the parameters from the 99‘V to) quantile yields:
Mmax = 0-81e0.063 IT (2 .2)
A comparison of the log-transformed quantile parameters to those of the Eppley 
curve indicates that the intercept of the 99th(LPD) quantile is significantly greater than that 
o f the Eppley curve (t -  3.20, df = 1499,p  < 0.01). Furthermore, at temperatures below 
19°C the Eppley curve falls below the lower 95% Cl associated with the 99^(lpd) 
quantile (Fig. 2.3B). However, the slope of the 99th(LPD) quantile is not significantly 
different from that of the Eppley curve (t = 0.53, df = 1499, p > 0.01). The slope and 
intercept of the 99th(43% d) quantile were not significantly different from those of the 
Eppley curve (t~  1.05, d f=  826,/? >0.01, and t = 2.08, d f=  826,/? > 0.01, respectively),
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or the 99,h(L/>z)) quantile (t = 0.97, d f=  2325, p  >0.01, and / = 0.66, d f=  2325 ,p >  0.01, 
respectively).
The gio value of the 99')\ i PD) quantile (1.88) was identical to that of the Eppley 
curve, whereas the Q]0 value of the 99th(43% D) quantile was 1.68. The log-transformed 
slope and intercept parameter estimates of the reduced (< 29°C) data set were not 
significantly different (t = 0.24, df = 2953,p >  0.01, and t = 0.18, df = 2953, p  > 0.01, 
respectively) from those of the full data set.
Table 2.1. 99th regression quantile slope parameter estimates and associated statistics for 
the Liverpool phytoplankton (LPD) data sets. The parameter values are calculated to a 
confidence level of a = 0.05, and n > 5/(l -  q) represents the minimum recommended 
sample size at the specified quantile (Rogers 1992). Note that the 43%D slope estimate 
and ± 95% Cl represent the mean value of 30 sub samples.
data n n > 5 / ( \ - q ) estimate - 95% Cl + 95% Cl
LPD 1501 500 0.0631 0.0535 0.0721
43 %D 828 500 0.0518 0.0259 0.0668
20
Fig. 2. 3 Marine phytoplankton maximum growth rates (nmax) as a function of 
temperature. (A) A comparison of the two methodologies used to estimate the upper 
edge of Eppley’s data. The Eppley curve, which was drawn by eye, is compared to the 
99‘V ) regression quantile calculated from Eppley’s digitised data (n = 153). (B) The 
99th(LPD) quantile and associated ± 95% confidence intervals calculated from the 
Liverpool phytoplankton database (LPD) (n = 1501). The Eppley curve is shown for 
comparison. (C) Normalization of the LPD data to account for differences in the 
percentage of diatoms in the data. Lines show the 99th(z./>z>) and 99,h(43% D) (n = 828) 







Using quantile regression this study has recognised that the Eppley curve could 
be improved upon. To this end, a new exponential function for marine phytoplankton 
growth rates as a function of temperature has been derived, using the Liverpool 
phytoplankton database (LPD), and compared to that formulated by Eppley (1972). 
However, the data set compiled by Eppley (1972) did not fulfil the minimum size 
recommendations of Rogers (1992) for calculating the 99th quantile with confidence. 
Calculating extreme quantiles with a small sample size may lead to a limited number of 
residuals, which renders methods for calculating standard errors unreliable (Koenker, R 
pers. comm.). Consequently, it was not possible to provide error estimates for the 
Eppley curve using quantile regression. Nevertheless, the visual fit of the 99th(£) quantile 
to the original Eppley (1972) curve (Fig. 2.3A) suggests that the Eppley curve is a good 
estimate of the edge of the data. Furthermore, there is no significant difference between 
the log-transformed slopes of the LPD and the Eppley curve, indicating equivalence in 
Gio values (1.88) and suggesting that the Eppley curve has been an appropriate estimate 
of the thermal sensitivity of phytoplankton growth rates. This result should reassure 
those who have used the g ]0 value of 1.88 in primary production models over the last 35 
yr.
The significant difference between the intercept of the log-transformed 99,h(LPD) 
and the Eppley curve supports studies (e.g., Brush et al. 2002) that suggest that the 
intercept of the Eppley curve is too low. However, in the new relationship (Eq. 2.2) the 
intercept value (0.81) is lower than the value (0.97) derived by Brush et al. (2002). This 
discrepancy may be due to the different methodologies adopted in defining the edge of
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the upper envelope. In their analysis Brush et al. (2002) adopted the same slope value as 
Eppley (1972) and determined the upper edge of their data by eye. As this study has 
discussed earlier, in relation to Eppley (1972), there are possible problems with this 
approach, e.g., the subjectivity involved and the lack of quantitative measures of 
reliability.
Construction of the LPD sub set containing 43% diatoms, i.e., an equivalent 
proportion to that of Eppley (1972), allowed a further investigation of whether 
differences between the LPD envelope and the Eppley curve could be attributed to the 
greater percentage of diatoms in the LPD, as diatoms typically have disproportionately 
high growth rates (Furnas 1990). However, as there were no significant differences 
between the intercepts of the 99th(43% D) quantile and the 99thaPD) quantile, the 
dissimilarities between the Eppley curve and the 99th{LPD) quantile cannot be solely 
attributable to differing proportions of diatoms in the two data sets. Consequently, the 
LPD function (Eq. 2.2) is an appropriate model when a single theoretical maximum 
function is required, e.g., when the only data available are biomass, or Chi a and 
temperature.
A good example of where a single temperature function has been repeatedly 
employed is in pelagic ecosystem models (e.g., Antoine et al. 1996; Balch and Byrne 
1994; Sharpies et al. 2006). To assess the extent to which the LPD function may alter 
model results, the output of one temperate shelf-sea ecosystem model (Sharpies et al. 
2006) using the new function was compared to the output of one that incorporated the 
Eppley (1972) function. This simple analysis suggests that models that incorporate the 
Eppley function may underestimate primary production in cooler temperate waters by ~
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30%. This underestimate applied to both the 99th(z.TO) quantile and the 99th(43% D) 
quantile, as at lower temperatures these two responses are similar (Fig. 2.3C). 
Consequently, assessments of the thermal influence of primary production on ecosystem 
services such as oxygen production, carbon sequestration, and biogeochemical cycling 
may also require revision.
The analysis of the influence of diatom percentage abundance on the upper 
envelope, and in particular the differences in slope parameter estimates between the 
99" \43%z>) quantile and the 99^(lpd) quantile (Table 2.1), indicates how other variables 
may be incorporated into a more accurate model. Size (Savage et al. 2004a), and 
taxonomic affiliation (Banse 1982), for example, may explain much of the remaining 
variation in fimax among phytoplankton. Building on the revised general growth rate- 
temperature relationship outlined here, Chapter 5 develops models that control for the 
effects of body size in a multi-species analysis of microalgal iimax.
Finally, this study has concentrated on producing a relationship that is directly 
comparable to the Eppley curve. However, it is important to acknowledge that there are 
limitations with the applicability of this function in warm or oligotrophic oceanic areas, 
where the maximum growth rates of phytoplankton may always be limited by factors 
other than temperature. Furthermore, this analysis has highlighted two issues that need 
to be addressed in the future. First, while the analysis of the reduced data set (< 29°C) 
indicates that the use of the full data set to determine the upper envelope is valid, as the 
relationship is not exponential at very high temperatures, caution should be applied 
when using Eq. 2.2 at temperatures > 29°C. The fimax response across the full thermal 
range is addressed in Chapter 5 of this thesis. Second, a Ql0 of 1.88 is somewhat higher
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than predicted by the metabolic theory of ecology (Brown et al. 2004; Allen et al. 2005) 
which gives a Qi0 of between 1.62 (for 0 -  10°C) and 1.52 (for 20 -  30°C), derived from 
their predicted activation energy of 0.32 eV for rates controlled by photosynthesis (Allen 
et al. 2005). This discrepancy clearly merits further scrutiny and is addressed in Chapter
5.
In conclusion, whilst recognising the utility and robustness of the Eppley curve 
over the last 35 yr, the quantitative measures of reliability associated with the new LPD 
function (Eq. 2.2) should give users greater confidence in its value and suitability in 
situations where a single exponential growth rate relationship is sought.
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CHAPTER 3
Daylength and microalgal growth: A general model
Introduction
Light is a key variable influencing aquatic primary production, with the 
availability of light varying across a range of spatial and temporal scales (Falkowski and 
Raven 2007). At mid and high latitudes daylength exerts a strong influence on the 
seasonal variation in microalgal specific growth rates (ju) (Kirk 1994), but despite the 
undoubted importance of this relationship in the aquatic sciences (e.g., Blackford et al. 
2004; Kirk 1994; Parsons et al. 1977) there is no consensus on the general shape of the 
microalgal specific growth response to daylength.
Commonly microalgal specific growth rates increase with increasing daylength 
(Castenholz 1964; Foy and Gibson 1993; Paasche 1967), although continuous (24 h) 
light may be detrimental to some species (Brand and Guillard 1981; Sicko-Goad and 
Andresen 1991). There are also numerous reports of non-linearity in the responses of 
microalgal specific growth to daylength (Foy and Gibson 1993; Paasche 1967; 
Thompson 1999), and it has been suggested that a rectangular hyperbolic (Michaelis- 
Menten type) function may be the most appropriate model of this relationship (Gilstad 
and Sakshaug 1990; Tang and Vincent 2000).
Despite this reported lack of proportionality in the relationship between // and 
daylength, several studies have assumed a linear one-to-one relationship (i.e., growth at 
24 h being double that at 12 h) when extrapolating from growth at one daylength to 
another (e.g., Brush et al. 2002; Kiorboe 1997; Landry et al. 2000). These types of
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extrapolations are often necessary when comparing growth rates between studies 
conducted at different daylengths. For example, the Eppley (1972) curve, which defines 
the maximum attainable daily growth rate of marine phytoplankton as a function of 
temperature, is often used as an upper benchmark against which observed microalgal 
growth rates are compared. As the growth rates used by Eppley (1972) to derive his 
model were collected in continuous light, observed specific growth rates are often 
corrected to 24 h to facilitate comparison of the data (e.g., Brush et al. 2002). At 
present, there is no suitable alternative model of the relationship between microalgal ¡j 
and daylength so studies generally assume a linear-one to-one relationship when making 
these corrections (e.g., Brush et al. 2002; Kiorboe 1997; Landry et al. 2000). 
Furthermore, other studies have incorporated a linear relationship between daylength 
and microalgal specific growth rates into primary production models (Geider et al. 1997; 
Gnanadesikan et al. 2002; Kameda and Ishizaka 2005). However, as will be shown in 
this Chapter, assuming a linear relationship may be an oversimplification of this 
relationship and could lead to over- or underestimates of microalgal specific growth 
rates. Consequently, to check for potentially large errors in estimates of //, and to ensure 
that the most appropriate function is incorporated into models, the shape of this response 
clearly requires clarification.
When using nonlinear curve-fitting methods, as in this study, the ability to 
evaluate a model’s goodness of fit is enhanced by maximising the number of 
independent variable measurements (e.g., daylength), rather than increasing the number 
of replicates at fewer daylengths (Johnson 1992; Montagnes and Berges 2004).
However, few previous studies of the relationship between daylength and microalgal
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specific growth assessed trends over a wide range of daylengths. Consequently, here an 
experimental approach is used initially to examine the specific growth rate response of a 
freshwater microalgal species (Cryptomonas sp.) to a wide range of daylengths. Then 
the generality of this response is assessed by combining the Cryptomonas sp. specific 
growth rate data with a multi-species data set of microalgal specific growth rate 
responses, compiled from the literature.
To assess the linearity of this response two rectangular hyperbolic (Michaelis- 
Menten type) models are compared with the linear model. Following the approach of 
others (Gilstad and Sakshaug 1990; Tang and Vincent 2000) a 2-parameter rectangular 
hyperbolic model (which assumes a zero abscissa intercept, Eq. 3.1) was used.
.. _  / max
where //^represen ts the maximum specific growth rate ( d 1), D the daylength, and KDa 
constant. This 2-parameter model is then compared with a modified 3-parameter 
rectangular hyperbolic model (Eq. 3.2) which, by allowing for a non-zero abscissa 
intercept facilitates estimation of the threshold daylength (i.e., daylength when p  = 0), 




where a is the abscissa intercept. Undoubtedly there are other possible models of this 
relationship, but a comparison of these three parsimonious models allows an assessment 
to be made of both the suitability of the linear model, and the importance of including a 
threshold term in a model of this relationship.
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To compare these models an information-theoretic approach (Burnham and 
Anderson 2002) is adopted. This approach is appropriate as it explicitly accounts for the 
tendency of models with more parameters to over-fit the data (Angilletta 2006) and, 
furthermore, a comparison of the Akaike weights (Burnham and Anderson 2002) 
associated with each model allows the relative strength of evidence for each to be 
assessed.
This study will show, that for both Cryptomonas sp. and the multi-species 
assemblage of responses, the modified 3-parameter hyperbolic model describes the 
specific growth response to daylength better than both the linear model and the 2- 
parameter hyperbolic model. Therefore, the modified 3-parameter hyperbolic model is 
subsequently used to derive a general equation describing the microalgal growth 
response to daylength.
Thus the aims of this study are to: use an information-theoretic approach to 
identify the most-likely model to describe the specific growth vs. daylength response in 
Cryptomonas sp. across a wide range of daylengths; incorporate the Cryptomonas sp. 
response data into a large multi-species data set of microalgal specific growth rate 
responses and use information theory to identify the most-likely model of this 
relationship; use this most-likely model to derive a general equation of the relationship 
between microalgal p and daylength.
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Methods
Specific growth response o f Cryptomonas sp. to daylength
The freshwater flagellate Cryptomonas sp. (strain 26.8, Culture Collection of 
Microalgae in Gottingen, Germany) was maintained in modified Woods Hole medium 
(MWC, Guillard and Lorenzen 1972) at 16°C ± 1°C, in continuous light, at ~ 70 //mol 
photons m"2 s '1. To explore the shape of the relationship between Cryptomonas sp. 
specific growth rate (p , d '1) and daylength (h), 15 cultures were maintained at 
daylengths ranging from 0 to 24 h at a constant photon flux density (PFD) of 70 /vmol 
photons m' s' . After acclimation (3-4 d) samples were counted daily, at the same time 
each day, and p was determined over the exponential growth phase from the slope of the 
relationship between In abundance vs. time.
Model selection
As one of the aims of this study was to test the linearity of the response, and 
inclusion of negative growth (i.e., net mortality) at low daylengths skewed the data 
towards a non-linear response, a conservative approach was adopted and only positive 
growth rates (n = 12) were modelled. The non-linear models (Eqs. 3.1, and 3.2), and the 
linear model, were iteratively fit (SigmaPlot v.10, SPSS Inc., Chicago, USA) to the 
Cryptomonas sp. specific growth vs. daylength data, and parameters determined. To 
determine the most-likely model using an information-theoretic approach it was 
necessary to calculate the corrected Akaike information criterion (AICc, AIC corrected 
for small sample size) (Burnham and Anderson, 2002) of each model. These were 
determined by using the residual sum of squares (RSS) associated with each model to
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compute the maximised log-likelihood (Angilletta 2006). Using this approach the most- 
likely model is that with the lowest AICc and the largest Akaike weight (Burnham and 
Anderson, 2002).
The generality o f  a non-linear specific growth response to daylength
Experimentally derived microalgal specific growth rate daylength responses (54 
responses, 239 data points, Appendix 2) were collected from the literature. Data were 
included where: growth was not negative (i.e., no net mortality); there were at least four 
data points in each response; and growth was at a maximum at 24 h. This last criterion 
obviated the problems of growth inhibition at high daylengths, but resulted in a smaller 
data set as -30%  of available data were not suitable for inclusion because growth was at 
a maximum at intermediate daylengths. Data presented graphically were digitised, and 
growth rates expressed as doublings or divisions day'1 were converted to p. The data 
were compiled from studies on marine, freshwater, benthic, and pelagic species, under a 
variety of experimental conditions, that employed various temperature, and PFD 
combinations. To circumvent the problem of variability in the data caused by diverse 
experimental conditions, and produce a model that could be applied to other data sets, 
the responses were scaled to a proportion of the maximum specific growth rate within 
that response (i.e., growth rates measured at 24 h daylength were given a value of 1).
The same candidate models (see Table 3.1) as fit to the Cryptomonas sp. p vs. daylength 
data were then iteratively fit to this data set. The most-likely model was identified using 
the same information-theoretic methods described above. Although the scaling
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transformation meant that the data were heteroscedastic, this did not preclude the 
computation of the regression coefficients (Zar, 1999).
A general model o f  microalgal specific growth in response to daylength
The aim here was to use the model determined in the model selection procedure 
(i.e., the modified 3-parameter hyperbolic model) to derive a general model of the 
microalgal specific growth response to daylength. In this analysis there were no 
concerns about negative growth rates skewing the response towards non-linearity so it 
was appropriate to include mortality data {n = 3) to facilitate correct parameter 
estimation (Montagnes and Berges 2004). Thus, the modified 3-parameter hyperbolic 
model was iteratively fit to this data set (n = 242, Appendix 2), and parameters were 
determined.
Results
Specific growth response o f Cryptomonas sp. to daylength
The linear model was a poor predictor of the specific growth response in 
Cryptomonas sp. (Table 3.1), and the model that best described the specific growth 
response of Cryptomonas sp. to daylength was the modified 3-parameter rectangular 
hyperbolic model (Eq. 3.2, Fig. 3.1).
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Table 3.1. Summary of candidate model selection statistics of Cryptomonas sp. specific 
growth rate (p, d '1) as a function of daylength (h), modelled on positive growth rates 
only. P represents the number of parameters in each model (including the error term), 
AICc is the corrected Akaike information criterion, A, is the AICc difference, and w, is 
the Akaike weight. In the equations pmax represents the maximum specific growth rate 
(d '1), D the daylength, a the abscissa intercept, Kn a constant, p 0 the ordinate intercept, 
and b the gradient of the slope.















3 -61.72 1.51 0.32
linear e.g., Geider et 
al. (1997)
p = p0 + bE> 3 -50.50 12.73 0.00
Table 3.2. Summary of candidate model selection statistics of the general microalgal 
specific growth rate response to daylength (n = 239), modelled on positive growth rates 
only. (See Table 3.1 for definitions of: pmax, D, a, KD, p 0, b, P, AICc, A,; and w,).
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3 -974.44 2.27 0.24
linear e.g., Geider et 
al. (1997)










R2 =  0.97
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• negative growth
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Fig. 3.1 Specific growth rate (p, d '1) of Cryptomonas sp. as a function of daylength (h). 
Line shows the modified 3-parameter rectangular hyperbolic model (Eq. 3.2) fit to the 
positive Cryptomonas sp. specific growth rates.
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The generality o f  a non-linear specific growth response to daylength
The linear model was a poor predictor of the specific growth response (Table
3.2) and the Akaike weights associated with the modified 3-parameter rectangular 
hyperbolic model (Table 3.2) indicated that this model described the data considerably 
better than the other candidate models.
General microalgal specific growth response to daylength
The modified 3-parameter rectangular hyperbolic model (Eq. 3.3, Fig. 3.2B) 
provided a good fit (R2 = 0.80) to the multi-species data set (n = 242) that included 
microalgal net mortality:
_ 1.39(D-2.4)
Mg~%A + ( D - 2 . 4 )
where p G represents the general specific growth rate response to daylength, as a 
proportion of that at 24 h.
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Fig. 3.2 The general microalgal specific growth response to daylength (h). (A) 
Microalgal specific growth rates (¡i, d '1), scaled as a decimal fraction of that at 24 h for 
each of 54 responses, where each response contains at least 4 data points. B) Same data 
as (A), but shown as individual data points (n = 242). Line shows least squares 




The shape of the microalgal growth rate response to daylength has been 
examined, both at the individual species level (Cryptomonas sp.) and in a multi-species 
assemblage (54 responses). In both analyses, the most-likely model was the modified 3- 
parameter rectangular hyperbolic model. Furthermore, in both cases the linear model 
(see Introduction) was a poor predictor of the data. The results from the present study 
support others that have used a non-linear model of this relationship (Gilstad and 
Sakshaug 1990; Tang and Vincent 2000) and suggest that a linear model may be an 
oversimplification of this response.
To explore the consequences of assuming a directly proportional relationship 
(i.e., assuming 24 h as 100% and 12 h as 50%) between growth rates and daylength, 
linear one-to-one extrapolations were examined. The general microalgal daylength 
growth model (Eq. 3.3) was used to estimate the relative specific growth (pi as a 
proportion of that at 24 h) at daylengths from 1-23 h. These values were then multiplied 
by the appropriate multiplier (e.g., growth at 12 h multiplied by 2) to extrapolate to 24 h 
daylength (Fig. 3.3A). The over/underestimate (Fig. 3.3B) was then calculated as the 
difference between this value and that predicted by the model at 24 h (i.e., 1). This 
analysis suggests that linear extrapolation from daylengths >4 h to 24 h can lead to 
growth overestimates of as much as 65%. Applying the same logic, and extrapolating 
back from growth at 24 h to that at shorter daylengths (>4 h), growth could be 
underestimated by as much as 40% (Fig. 3.3C). Extrapolations to, or from, very short 
daylengths (< 4 h) will lead to even larger over/underestimates (see Fig. 3.3B). These 
results indicate that linear extrapolations of pi from one daylength to another, or
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erroneous inclusion of growth over/underestimates such as these in models, will clearly 
lead to inaccuracies in predictions of primary production. Thus, the recommendation of 
this study is that it is essential to account for the non-linearity of this relationship in such 
calculations.
As this analysis focused on responses where growth was at a maximum at 24 h, 
species that are inhibited by long daylengths were not included in this analysis. 
Consequently, this criterion may have biased the types of species included in the data 
set. For example, species originally isolated in tropical or sub-tropical regions will be 
adapted to a non-varying photoperiod, whereas those from higher latitudes will be 
adapted to a seasonally varying photoperiod. Thus, species from low latitudes may be 
expected to be more likely to experience growth inhibition when exposed to long 
daylengths. Of the species included in the general microalgal growth daylength analysis 
the range of latitudinal provenances was from 51.4° to 75°. Therefore, this data set may 
represent a sub-set of species adapted to a seasonally varying daylength. However, the 
recognition that other species exhibit growth inhibition at long daylengths serves to 
reinforce the findings of this study regarding the shape of this response i.e., that the 
microalgal specific growth rate response to daylength is non-linear.
These results illustrate the superiority of the 3-parameter hyperbolic function 
compared to the 2-parameter hyperbolic function when modelling microalgal n  vs. 
daylength. This finding highlights the importance of including a non-zero abscissa 
intercept when modelling this relationship (Montagnes and Berges 2004) and suggests 
that 2.4 h is the threshold daylength for microalgal specific growth rates as a proportion 
of the growth at 24 h.
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Although numerous studies have demonstrated that the shape of the specific 
growth rate response to daylength is highly species specific (e.g., Brand and Guillard 
1981; Foy and Gibson 1993), this study has shown that, when microalgal specific 
growth rates are not inhibited by long daylengths, the general interspecific growth 
response to daylength is well described by a 3-parameter rectangular hyperbolic 
function. This function will be useful in comparative studies where there is a need to 
normalise growth rates to a standard daylength, and is preferable to adopting the linear 
relationship, which will lead to over/underestimates when extrapolating from one 
daylength to another.
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Fig. 3.3 Linear extrapolation of specific growth rates (assuming 24 h as 100%, 12h as 
50%) from the modified 3-parameter rectangular hyperbolic model (Eq. 3.3) leads to 
over/underestimation of microalgal specific growth rate predictions. (A) Extrapolation 
from 12 h daylength to 24 h (dashed line) and from 24 h to 12 h (dotted line). To 
calculate the percentage overestimate the model (Eq. 3.3) was used to estimate the 
growth at daylengths from 1-23 h and multiplied by the appropriate multiplier (e.g., in 
this example for 12 h multiply by 2) to extrapolate to a 24 h daylength. This value was 
then subtracted from 1 (the proportion at 24 h in the model) to calculate the percentage 
overestimate. To calculate the percentage underestimate the value from the model at 24 
h (i.e., 1) was divided by the appropriate multiplier (e.g., in this example for 12 h divide 
by 2). This value was then subtracted from the value of the model at that daylength to 
calculate the percentage underestimate. (B) Over/underestimation of specific growth 
rates when extrapolating to a 24 h daylength from shorter daylengths (dashed line), or 
from 24 h to shorter daylengths (dotted line). (C) The same as B but focusing on 








Modelling the microalgal maximum growth response 
to photon flux density and daylength
Introduction
Accurate models of macrophysiological (Chown et al. 2004) relationships are 
prerequisites for predicting and simulating large-scale aquatic ecosystem processes. As 
microalgal specific growth rates (ju) are a key physiological determinant of aquatic 
primary production (Falkowski and Raven 2007), to better understand these large-scale 
processes, there is a need to investigate microalgal growth using multi-species 
assemblages across broad environmental gradients.
Light, because of its influence on photosynthesis, is a key limiting variable 
influencing microalgal growth rates, across a range of spatial and temporal scales 
(Falkowski and Raven 2007). However, at any one time, microalgal /u may be limited 
by environmental factors other than photon flux density (PFD, /vmol photons m‘2 s '1), 
and daylength (h) (e.g., nutrients, and temperature). Furthermore, when considering a 
multi-species assemblage, as in this study, taxonomic affiliation and body size (Banse 
1982; Tang 1995) are also key determinants of specific growth rates. Such an array of 
possible variables suggests that any attempt to model ju in response to a single limiting 
factor, such as PFD or daylength, will be confounded by other unmeasured variables.
One approach to overcome this problem is to concentrate on the maximum 
specific growth response (jimax ) i.e., the upper envelope of a scatter graph (Scharf et al. 
1998). Below this ceiling other, possibly unmeasured, factors may be the active limiting
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constraint and so responses near the edges, rather than at the centre of distributions, give 
a better estimate of the effect of the limiting factor on the response variable (Kaiser et al. 
1994; Cade et al. 1999). Thus, this study concentrates on the relationship at the upper 
edge of a multi-species assemblage of microalgal specific growth rates in 
response to PFD and /or daylength. This approach has previously been applied 
successfully to examine relationships between jumax and temperature (Bissinger et al. 
2008) and has numerous applications in dynamic ecosystem production models (e.g., 
Bowie et al. 1985; Brush et al. 2002).
Prior to modelling these maximum specific growth responses, another important 
issue addressed in this study is the applicability of combining PFD and daylength 
measurements into one daily light-dose (DLD, mol photons m'2 d '1). Daily light-dose 
has been widely applied in studies of microalgal growth (Gibson and Foy 1983; Sommer 
1994; Tang and Vincent 2000) and is an appealing concept as it allows the two 
components of the light field to be combined into one, thus facilitating model outputs. 
Flowever, the non-linearity of the photosynthesis vs. PFD curve (e.g., Jassby and Platt 
1976) suggests that there may be problems with this concept. For example, when the 
saturation point in the n  vs. PFD curve is reached there is no capacity in the system to 
compensate for a possible subsequent reduction in daylength (Sommer 1994).
Below the PFD saturation point microalgal growth is suggested to be 
proportional to the DLD (Gibson and Foy 1983, Foy and Gibson 1993). Thus, it would 
be expected that, below the PFD saturation point, and given the same total DLD, /u 
would be independent of the ratio of PFD to daylength. Although numerous studies 
have measured microalgal // with various combinations of PFD and daylength (e.g.,
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Thompson 1999; Verity 1982), none has examined the equivalence of p  when the ratio 
o f PFD to daylength is manipulated, whilst maintaining the same total DLD.
This study will show, using one rigorous experimental investigation of specific 
growth in a freshwater microalga (Cryptomonas sp.) that, below light saturation, 
microalgal p  may be differentially sensitive to PFD and daylength across a range of 
DLDs. Therefore, as the DLD may not be a reliable concept, the two components of the 
light regime are considered separately when using meta-data to derive general functions 
describing microalgal p max in response to light.
Thus, the issues addressed in this study are the applicability of using DLD to 
describe the specific growth rate response of Cryptomonas sp. across a range of DLDs 
and the derivation of equations describing microalgal p max as a function of PFD, 
daylength, and PFD and daylength combined.
Methods
Equivalence o f  daily light-dose components
The aim here was to compare the specific growth rates (p) of the freshwater 
flagellate Cryptomonas sp. (strain 26.8, Culture Collection of Microalgae in Gottingen, 
Germany) under a varying photon flux density (PFD, /¿mol photons m'2 s '1) regime with 
those previously observed under a variable daylength regime (Chapter 3), whilst 
maintaining the same total daily light-dose (DLD, mol photons m'2 d '1). To achieve this 
19 cultures were maintained in modified Woods Hole medium (MWC, Guillard and 
Lorenzen 1972) at 16°C ± 1°C, in continuous light, at PFDs ranging from 0 to 70 /¿mol 
photons m'2 s '1. These PFDs were achieved by shading each flask with filters and were
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chosen so that the total daily light-dose (DLD) of 12 of the cultures was identical to that 
experienced by 12 cultures in the daylength experiment of Chapter 3, whilst the other 
cultures allowed the collection of data to increase the power of the regression analysis. 
After acclimation (3-4 d) samples (2 ml) were counted daily, at the same time each day, 
and p  was determined over the exponential growth phase from the slope of the 
relationship between In abundance vs. time.
Unlike the analysis in Chapter 3, where the aim was to assess the degree of 
linearity in the specific growth response of Cryptomonas sp. to daylength, the aim of the 
present study was to assess the similarity between the specific growth rate response of 
Cryptomonas sp. under a varying PFD regime to that observed under a varying 
daylength regime, whilst maintaining the same total DLD. Therefore, as there were no 
concerns about the negative growth at low PFDs and/or short daylengths skewing the 
data towards non-linearity, it was appropriate to use the data for all DLDs, including 
those of net mortality, in this analysis. A modified 3-parameter hyperbolic model (Eq. 
4.1) (see Chapter 3) was fit to the specific growth rate data:
VmaA D LD - a )
KDiD + (DLD — a)
where pmax represents the maximum specific growth rate ( d"1), DLD represents the 
product of daylength (h) and PFD (mol photons m'2 d '1), a is the abscissa intercept, and 
K dld is a constant,
The initial slope, a, of the growth vs. daily light-dose curve provides a measure 
of growth efficiency (Foy and Gibson 1993). Here, a  was estimated from the expression
(4.1)
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Vmax/Kdld (Rothhaupt, 1990), and differences between the PFD-varying and daylength- 
varying relationships were investigated by comparing a  (/-test).
Microalgal p max: data manipulation and analysis
To determine the microalgal maximum specific growth rate responses data (n = 
2178) were compiled from the literature where: studies were laboratory-based; p  was not 
negative; and both daylength and PFD were measured. Irradiance measurements 
presented in units other than //mol photons m'2 s '1, were approximated using conversion 
factors (Yoder 1979). This data set is composed of marine/brackish (126 species or 
strains from 71 genera) and freshwater (37 species or strains from 27 genera) species 
from 71 publications (Appendix 3). As the studies encompassed a wide range of 
temperatures (-1.9 - 40.6°C) the specific growth rates were normalised to 20°C using a 
0io of 1.88 (Bissinger et al. 2008). A plot of the data revealed that the specific growth 
rates peaked at ~ 29°C, and as the Qio is based on the assumption of a monotonic rate 
response to temperature, growth rates determined at temperatures > 29°C were not 
included (Bissinger et al. 2008).
For each function quantile regression (Koenker and Bassett 1978) was used to 
objectively define the upper edge of the data (Scharf et al. 1998) and, as this data set was 
large (n = 2178), it was possible to estimate the 99th quantile for each of the functions 
(Rogers 1992). The 99th quantiles were modelled using the ‘quantreg’ package 
(Koenker 2006) in the statistical language R v. 2.6.1. (http://www.r-project.org).
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It is well established that the photosynthesis vs. irradiance relationship follows a 
non-linear relationship and that high irradiances inhibit microalgal specific growth rates 
(Falkowski and Raven 2007). However, previous models of the photosynthesis vs. 
irradiance relationship assume no photoinhibition (e.g., Jassby and Platt 1976), and as in 
this data set specific growth rates appeared to decline after ~ 230 //mol photons m' s’ 
(see Results), a similar approach was followed and only those growth rates where PFD 
was < 230 //mol photons m"2 s '1 were considered. When the data were modelled with a 
modified 3-parameter rectangular hyperbolic model (Eq. 4.1) the intercept was not 
significantly different from zero (t = 0.50, df = 2176,// > 0.05). Consequently, the 
mathematically simple 2-parameter rectangular hyperbolic function (Huisman et al. 
2006; Lopez-Urrutia et al. 2006) was chosen to model pimax as a function of PFD (Eq.
4.2):
Microalgal jumax as a function of PFD
P  max 20° C(PFD)
P m a x ( P F D ) P F D
K  pFD + PFD
(4.2)
where /W20°c(/¥z>) is the maximum specific growth rate corrected to 20°C as a function 
of PFD, and jumax(PFD) and KPFD are constants.
Microalgal /imax as a function o f daylength
Here, the same model (i.e., the modified 3-parameter rectangular hyperbolic 
model) as used in the daily light-dose analysis (Eq. 4.1) was applied.
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To provide a function that allows microalgal jumax to be modelled in those 
situations where both PFD and daylength data are available, a third model representing 
the product of the PFD and daylength pmax functions was established. Unlike the 
previous two mechanistic pmax functions, this combined model is phenomenological 
(Eq. 4.3):
Microalgal p max as a function of PFD and daylength combined
Mmax20°C(C)
k „ {c ) p f d 'I  ̂M m o x(C ){D ~ a 2 )  '
V K p f d (c ) , k ^ D ( C )  +(^)-fl2)y
(4.3)
where jumax 2o°c(C) is the maximum specific growth rate corrected to 20°C as a function of 
PFD and daylength combined, D represents daylength (h), and gmax(C), a2, KPFD(C), and 
Kd(q  are constants.
Results
Equivalence o f  daily light-dose components
At low DLDs, the specific growth response of Cryptomonas sp. was significantly 
more sensitive to an increase in PFD than to daylength (a  = 5.1 and 0.85 mol photons'1 
m2 respectively, t = 2.70, df = 30, p  < 0.05, Fig. 4.1).
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The statistics associated with the parameters (Table 4.1) from the 99th quantile of 
the 2-parameter rectangular hyperbolic function suggest that the model (Eq. 4.4, Fig.
4.2) described the data very well:
3.03 PFD
Pmax20°C(PFD) ~  ^ ^ \  + P F D  ^
Microalgal jumax as a function o f daylength
The statistics (see Table 4.1, Fig. 4.3) associated with the modified 3-parameter 
rectangular hyperbolic function suggest that this model described the data reasonably 
well:
3.3(£>-1.8)
Mmax20°C(D) ~  ^  (£>-1.8) (4'5)
where ju max2o °c(D ) is the maximum specific growth rate corrected to 20°C as a function of 
daylength.
Microalgal n max as a function o f  PFD and daylength combined
The combined 4-parameter rectangular hyperbolic function was a good model of 
the data (Eq. 4.6, Table 4.1, Fig. 4.4):
Microalgal /imax as a function of PFD
Mmax20°C(C)
'  1.90PFD Y  
^11.56 +PFD
1.90(£>-2.2l)  ̂
2.89 + (£>- 2.2 l)y (4.6)
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Daily light-dose (mol photons nr2 d'1)
Fig. 4.1 Specific growth response of Cryptomonas sp. to daily light-dose (DLD, mol 
photons m‘2 d '1), where the ratio of PFD to daylength was varied, whilst maintaining the 
same DLD, across a range of DLDs. Lines show the modified 3-parameter rectangular 
hyperbolic models fit to the data.
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Table 4.1. Regression coefficients and associated statistics from the analyses of 
microalgal maximum specific growth (jjmax, d '1) as a function of photon flux density 
(PFD, //mol photons m'2 s '1), daylength (h), and the product of PFD and daylength. In 
the models D  represents daylength, a/ and a2 are the abscissa intercepts, fJmax(PFD), 
Mmax(D), Hmax{C), KPfd(c), and KD(Q,&rQ all constants. (Note, the units of the coefficients aj, 
02 and Kd are h, while those of KPFD are //mol photons m'2 s '1).
coefficient estimate std. error t P
PFD model
Mmax(PFD) 3.03 0.1669 8.1612 <0.001
KpFD 14.11 4.7508 2.9708 <0.05
Daylength model
Pmax(D) 3.30 0.5569 5.9253 <0.001
ai 1.80 0.9237 1.9488 0.0515
Kd 4.10 3.4447 1.1902 0.2341
Daylength and PFD combined
Mmax(Q 1.90 0.1439 13.2015 <0.001
C12 2.21 0.6049 3.6538 <0.001
KpFD(Q 11.56 3.6346 3.1805 <0.05
Kd(C) 2.89 2.3859 1.2113 0.2259
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Fig. 4.2 Temperature corrected (normalised to 20°C using a Q\0 of 1.88) microalgal 
maximum growth rates as a function of photon flux density (PFD, //mol photons m'2 s"1). 
(A) Full data set (n = 2592) showing the inhibition of growth at photon flux densities > 
230 // mol photons m'2 s '1. (B) Line shows the 99th quantile of the 2-parameter 
rectangular hyperbolic model (Eq. 4.4) fit to the data (n = 2178, limited to growth rates 















Fig. 4.3 Temperature corrected (normalised to 20°C using a gio of 1.88) microalgal 
maximum specific growth rates as a function of daylength (n = 2178, limited to specific 
growth rates determined at temperatures < 29°C and PFDs < 230 //mol photons m' s' ). 
Line shows 99,h quantile of modified 3-parameter rectangular hyperbolic model (Eq. 
4.5) fit to the data.
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Fig. 4.4 Temperature corrected (normalised to 20°C using a Q10 of 1.88) microalgal 
maximum specific growth rates as a function of photon flux density and daylength 
combined (n = 2178, limited to specific growth rates determined at temperatures < 29°C, 
and PFDs < 230 ¡umol photons m'2 s'1). Response surface shows the 99th quantile of the 
combined model (Eq. 4.6) of specific growth as a function of PFD and daylength and 
points above the response surface are shown in red.
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Discussion
Equivalence o f daily light-dose components
The results of the investigation of the Cryptomonas sp. specific growth rate (//) 
response to daily light-dose (DLD, mol photons m'2 d '1), in which the ratio of daylength 
(h) to photon flux density (PFD, //mol photons nT2 s'1) was varied, suggests that the 
shape of the response to DLD depends on the ratio of PFD to daylength. (Fig. 4.1). In 
the present study the initial slope, a, of the growth vs. DLD curve was greater when the 
ratio of PFD to daylength was high than when it was low (5.1 and 0.85 mol photons'1 
respectively). These results suggest that at low DLDs growth under a high ratio of PFD 
to daylength is more efficient than one where the PFD to daylength ratio is lower. This 
result differs from that found by Gibson and Foy (1983), where the slope of the initial 
response between specific growth rate and DLD was independent of the ratio between 
PFD and daylength. However, the result in the present study is not directly comparable 
with the observation of Gibson and Foy (1983), because the equivalence in the initial 
slope observed by Gibson and Foy (1983) was in an experimental system where DLD 
was not maintained constant when the effects of daylength and PFD were compared. 
Thus, the results of the present study suggest that using DLD as a composite of PFD and 
daylength may not always be reliable and as a consequence these two variables should 
be modelled separately.
Microalgal p max as a function o f  PFD, daylength, and PFD and daylength combined
The proposed models of p max are a good fit to the data (Table 4.1). As the 2- 
parameter hyperbolic function used to model maximum growth in response to PFD does
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not have an intercept term, one criticism that could be applied to it is that it does not 
allow for an estimate of the irradiance at which mortality is just balanced (compensated) 
by growth. However, when modelling the upper edge of the data the intercept term is 
estimated with low accuracy and, in any case, it has been shown that the irradiance at 
which growth is approximately equal to respiration is very near zero (Thompson 1999; 
Foy 1983; Gibson and Foy 1983).
One caveat that applies to these /imax models, is their restriction to those 
situations where growth is not inhibited by high irradiance levels (< 230 //mol photons 
m‘2 s '1) or high temperatures (< 29°C). However, even though the PFD received at the 
earth’s surface can vary between 200-2000 //mol photons m'2 s '1, as the depth of the 
euphotic zone is considered to extend down to 1% of the surface irradiance (Reynolds 
2006, and references within) the scales over which these models are applicable are 
ecologically realistic. Generally, most sea surface temperatures are below 30°C (Lalli 
and Parsons 2002) so even with the restriction of these models to temperatures < 29°C 
they can nevertheless be applied to a wide range of environments.
This study has produced models of n max that will allow estimations of 
microalgal maximum specific growth rates to be made when either irradiance and/or 
daylength data are available. In dynamic ecosystem models a function (most commonly 
a temperature function) is often used to set the upper limit of microalgal specific growth 
rates, and from this theoretical maximum, growth rates are then reduced by applying 
coefficients relating to other environmental limiting factors, such as nutrients (Bowie et 
al. 1985). The jumax models that have been derived here allow for PFD and/or daylength
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to set the upper limit of growth, and so they will facilitate alternative approaches to 
modelling primary production across large spatial and temporal scales.
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CHAPTER 5
A Universal temperature-dependence of intrinsic rates of increase? 
Effects of evolution and acclimation in microalgae
Introduction
General relationships between temperature and metabolism (Krogh 1914), and 
body size and metabolism (Kleiber 1947) have long been observed. The undoubted 
ecological importance of these variables has stimulated investigations in which the 
combined metabolic effects of body size and temperature have been studied in diverse 
taxa (Gillooly et al. 2001; Robinson et al. 1983). Recently, the proponents of the 
metabolic theory of ecology (MTE) have suggested that a combined function of 
temperature and body size is capable of describe the metabolism of all organisms 
(Gillooly et al. 2001; Brown et al. 2004):
B = i0M 3/4e~EalkT (5.1)
where B represents metabolic rate, M is body mass, Ea is the activation energy (defined 
by Gillooly et al. (2001) as an average for the rate-limiting enzyme-catalysed 
biochemical reactions of metabolism), T  is the absolute temperature (K), k is 
Boltzmann’s constant (8.62x10 5 eV K '1), and i0is a normalisation constant independent 
of body size and temperature.
The MTE predicts that processes driven by heterotrophic respiration and those 
driven by photosynthesis will exhibit different temperature dependencies (expressed as 
an activation energy, Ea) and that the Ea associated with photosynthesis will be 0.32 eV 
(Allen et al. 2005). Although this prediction was based on photosynthesis in terrestrial
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C3 plants (Farquhar 1980), it has been suggested that photosynthesis in marine 
phytoplankton has a similar temperature dependency (Lopez-Urrutia et al. 2006), 
thereby suggesting that the predicted temperature dependency of 0.32 eV may be equally 
valid for phylogenetically distant autotrophs across wide-ranging environments. A 
universal thermal sensitivity of rates derived from photosynthesis, including specific 
growth rate (Savage et al. 2004a), implies that there have been no effects of adaptation 
to different thermal environments on thermal sensitivity or any divergence by different 
phylogenetic groups. Such concepts pose potential challenges to a universal thermal 
sensitivity of biological rates and will be examined in this Chapter.
Intrinsic rates o f  natural increase also scale with temperature and body size
Whilst the MTE initially focused on metabolic rates, its applicability to intrinsic 
rates of natural increase (or specific growth rates, p, as commonly used in planktonic 
ecology) was developed (Savage et al. 2004a) after it had been shown that time to first 
reproduction, a, is related to mass and temperature in the same way that metabolism is 
(Gillooly et al. 2002). For unicellular organisms (e.g., microalgae), which have discrete 
reproduction and reproduce by fission, a = G, the generation time, and so:
a  oc G oc M 1/4eEa/kT (5.2)
As p  is inversely related to G (May 1976) the exponential growth model (Eq. 5.3) was 
used to derive an expression for the average number of offspring per individual per 
generation (R0)
N , = N ^  (5.3)
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where the size of the population N  at time tis  a function of the initial population size No, 
and the specific growth rate. The term t is then equivalent to the generation time G, and 
after taking logs and re-arranging this becomes:
p  = l̂ L  ~ N cM -,/4e-Ea/kT (5.4)
G
where Nc is a taxon- and environment-independent normalisation constant. Savage et 
al. (2004a) state that for unicellular organisms Ro approximates 2 so In R0 is a slowly 
varying function, and consequently it is treated as a constant. Thus the majority of the 
mass and temperature dependence of p  is explained by the variation in G (Savage et al. 
2004a).
Challenges to the universality o f  temperature-dependent metabolism
One criticism of the MTE is its assertion that metabolism is driven by 
biochemical kinetics i.e., higher temperatures automatically lead to kinetically 
determined higher metabolic rates (Clarke and Fraser 2004). In contrast, the 
evolutionary trade-off hypothesis (Clarke 2004) argues that, rather than representing a 
purely kinetic response to temperature, the resting metabolic rate represents the 
energetic cost of evolutionary adaptation to a particular temperature and lifestyle.
Clarke (2004) argues that the MTE makes no provision for any mechanistic differences 
between the acute response, laboratory acclimation, field acclimatisation, and 
evolutionary adaptation, other than by a change in Ea, which then becomes an empirical 
variable, and thus invalidates the derivation of the theory (Eq. 5.1) from first principles 
(Clarke 2004).
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Furthermore, Clarke (2004) argues that, although increases in metabolic rate with 
temperature are seen universally within species, the extrapolation of the theory 
underpinning this to across-species relationships is untenable: because across-species 
relationships represent statistical populations of individual thermal optimisations they 
cannot be explained by the same underlying thermodynamic mechanisms. Consequently 
(Clarke and Fraser 2004) argue that a graphical examination (see Fig. 5.1 A and B) of the 
within- and across-species responses suggests that the thermal sensitivity of the across- 
species response will be less than that of the within-species response. However,
Gillooly et al. (2006) have countered these arguments from Clarke (2004), and Clarke 
and Fraser (2004) by stating that any differences due to acclimation or adaptation 
between the within- and across-species responses will be expressed in the normalisation 
constant z'o (see Eq. 5.1) rather than the activation energy i.e., the activation energy will 
be invariant (e.g., Fig. 5.1C). Consequently, this Chapter addresses these points and 
investigates whether there are differences in thermal sensitivity between microalgal 
acclimatory (within-species), and evolutionary (across-species) specific growth 
responses.
Approaches to examine temperature sensitivity across species
In this study two approaches are used to determine the temperature sensitivity of 
microalgal growth across species, as there are methodological and theoretical advantages 
and disadvantages associated with each. The first approach uses quantile regression 
(Koenker and Bassett 1978) to determine the Ea at the top of the envelope of a data set 
(corrected for size, photon flux density, and daylength) of microalgal specific growth
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rates in response to temperature, where the responses are not inhibited by high 
temperatures (See Fig. 5.1 A). This first approach has the advantage that the inclusion 
criteria associated with it allow for a relatively large data set to be compiled, so 
increasing the power of the analysis. However, potential biases arising from this 
approach include the possibility that: i) some responses in the data set may have greater 
weight if they have both their jumax and other high ft values near the top of the envelope, 
whereas ii) other responses may have less weight if they have not reached their ftmax, 
because of other unmeasured factors (e.g., nutrients).
The second approach to determine the across-species thermal-sensitivity from a 
data set (corrected for size, photon flux density, and daylength) is to first compile ftmax 
values of individual species responses to temperature where the specific growth rate 
peaked at an optimum temperature (Topt) for growth (i.e., the temperature where 
microalgal ft is at a maximum), and then calculate the Ea across these fimax values for the 
different species at their respective optimum temperatures (see Fig. 5.IB and C). 
Because this approach focuses on the peak values of each response, it yields a more 
accurate measure of the maximum growth response to temperature across species, and 
thus equates to an approximation of evolutionary growth temperature (Clarke 2003). 
However, because of the relative scarcity of responses that meet the inclusion criteria, 
and the large variation in fimax between phyla, the statistical power of this method is 
reduced when compared to the across-species analysis using quantile regression. 
Consequently, because of these differences in fimax between phyla, the temperature 
dependency (Ea) of specific growth rates (ft) in Bacillariophyta (diatoms) are determined 
separately in addition to those for all microalgae. Diatoms were chosen because they
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were the most abundant group in this data set and have distinctively high growth rates 
when compared to other taxa (Furnas 1990). As this study will show, despite the 
differences in their assumptions, both approaches to investigating Ea across species 
produce similar estimates of thermal sensitivity. Moreover, employing two different 
approaches to address the thermal sensitivities of these across-species relationships adds 
robustness to the general findings of this study (Levins 1966).
Determination o f size-scaling exponent
The mechanistic explanation for the inclusion of the % power size-scaling 
exponent within the MTE also remains somewhat controversial (Chown et al. 2007), as 
does the universality of the size-scaling exponent (Bokma 2004; Dodds et al. 2001; 
White et al. 2007). Consequently, here, rather than impose an allometric exponent a 
priori, multiple regression is used to determine an empirically derived allometric 
exponent from the data (Downs et al. 2008; Lopez-Urrutia et al. 2006).
Using the approaches outlined above, this study will determine whether the 
thermal sensitivities (expressed as an activation energy, Ea), and size-dependence, of 
microalgal specific growth rates are the same as that predicted by the MTE and whether 
there are differences in thermal sensitivity between microalgal acclimatory (within- 
species), and evolutionary (across-species) specific growth responses.
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Fig. 5.1 Conceptual diagram showing the hypothetical acclimatory (within-species) and 
evolutionary (across-species) thermal sensitivity of microalgal specific growth rates 
together with the two different methodologies used to examine the across-species 
response. In each graph the thin solid line represents the upper envelope across species. 
(A) Quantile regression is used to objectively define the upper envelope of microalgal 
iumax across species, where the dotted lines represent individual responses. (B) The /jmax 
values obtained from the individual peak (at Topt) thermal growth responses (thick solid 
and dashed lines) used to estimate the across-species response. Both (A) and (B) show 
the prediction of Clarke and Fraser (2004) i.e., the thermal sensitivity of the across- 
species response is less than that of the within-species response. (C) Shows an 
alternative scenario where the thermal sensitivities of the within- (thick solid lines) and 




Within-species microalgal thermal sensitivity
To determine the mean temperature-dependence (Ea) of the within-species 
microalgal specific growth rate response, a comprehensive data set (Appendix 4A) of 
microalgal specific growth rate responses to temperature was compiled from the 
literature. Data were extracted from tables or digitised from figures, and responses were 
only included when there were > 3 data points in each temperature response. The data 
set (/? =138) comprised 30 responses from 8 phyla (27 species, 3 strains) and 17 studies, 
the range of cell volumes covered five orders of magnitude and the temperature range 
was ~30°C. The Arrhenius (1889) equation (Eq. 5.6), adopted in this study to model the 
temperature dependency of /u, is only applicable over that region of the response where 
rates are not inhibited by high temperatures.
ju =  e - E a / k T (5.6)
Consequently, when specific growth rates peaked (at a Topt) growth rates at temperatures 
higher than Topt were not included in this analysis. To avoid bias arising from uneven 
numbers of species, each species was only represented by a single study, and within 
studies only one response of each species was included. The criteria for selection here 
were firstly, the response with the largest number of data points followed by that with 
the widest range of temperatures. The Arrhenius model (Eq. 5.6) was then iteratively fit 
(SigmaPlot v.10, SPSS Inc., Chicago, USA) to each of the responses, and the weighted 
mean Ea (to account for numbers of data points in each response) was calculated from
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the model parameters. As this data set included eight phyla, an analysis of variance 
(ANOVA) was applied to test for differences in their thermal sensitivities.
Within-species diatom thermal sensitivity
Using the data set compiled for the within-species analysis of microalgal thermal 
sensitivity (see above) a subset of diatom specific growth rates responses was compiled 
(Appendix 4B). This data set (n = 52) comprised 11 responses (9 species, 2 strains) 
from six studies, the range of cell volumes covered three orders of magnitude and the 
temperature range was ~ 25°C. The Arrhenius equation (Eq. 5.6) was fit to each 
response, using the same methods as above, and from the model parameters the 
weighted mean Ea was calculated.
Across-species thermal sensitivity and size-scaling o f  microalgal p max using quantile 
regression
To estimate the across-species temperature dependencies (Ea) of microalgal 
maximum specific growth rates (pmax) the same data set (Appendix 4A) that was used in 
the within-species analysis of microalgal thermal sensitivity was used here. Cell size 
was incorporated into this analysis by adopting the traditional allometric scaling term V1’, 
where V represents cell volume (//m2) and b is the allometric scaling exponent. To allow 
the size and temperature coefficients to be estimated from the data, rather than imposed 
on the model these variables were incorporated into a multiple regression framework 
(Eq. 5.7):
68
ln Mmax =ln(Ncl) + b x  ln (v  ) - E a x
f  7 '\
y k T j
+ ln
PFD
\ K pfd + PFD
(5.7)
where N a , and Kpfd are constants, and PFD is photon flux density (mol photons m'2 d~ 
’). Thus, within this model the temperature dependence of jumax was estimated using the 
Arrhenius term (see Eq. 5.6) and following the approach of Chapter 4 and Lopez-Urrutia 
et al. (2006), the light dependency of ¡imax was estimated using a parsimonious 2- 
parameter rectangular hyperbolic term. Irradiance measurements presented in units 
other than mol photons m'2 d"1, were approximated using conversion factors (Yoder 
1979). To avoid collinearity between daylength and PFD in the multiple regression (i.e., 
long daylengths were associated with high PFDs), daylengths were normalised to 24 h 
by applying the general microalgal daylength model (Chapter 3; Eq. 5.8) to the growth 
rate data prior to the regression analysis.
.3 9 (0 -2 .4 ) 
8.4 + (0 - 2 .4 )
where ¡iG represents the general microalgal specific growth response to daylength (O) as 
a proportion of that at 24 h. To allow consistent comparisons of the temperature 
sensitivity and size-scaling exponents between the two types of across-species analyses, 
rather than apply model simplification to some of the analyses, values from the full 
model (Eq. 5.7) were always used.
Quantile regression (Koenker and Bassett 1978) was used to objectively define 
the upper edge of the data (Scharf et al. 1998), and because of the size of this data set (n 
= 138), the most reliable estimate of the edge of the data was obtained with the 96th
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quantile (Rogers 1992). This analysis used the ‘quantreg’ package (Koenker 2006) in 
the statistical language R v.2.6.1. (http://www.r-project.org).
Across-species thermal sensitivity and size-scaling o f diatom jumax using quantile 
regression
This analysis used the same data set (Appendix 4B) that was compiled for the 
analysis of diatom thermal sensitivity within species. The same methods as used in the 
quantile regression analysis of microalgal pmax (see above) were used to compile and 
analyse this data set of diatom pmax in response to temperature. However, because of the 
relatively small size of this data set (n = 52), the most reliable estimate of the edge of the 
data was obtained using the 90th quantile (Rogers 1992).
Across-species thermal sensitivity and size-scaling o f microalgal ¿umax using peak 
growth at Top,
To determine the temperature dependency (Ea) of microalgal p max across species 
using the peak values at the optimum temperatures for growth (Topt, see Fig. 5.1B and 
C), a data set (Appendix 4C) was compiled of individual microalgal specific growth rate 
thermal responses (> 6 data points) where the growth responses peaked at Topt. This data 
set (« = 16) comprised 13 species and 3 strains, the range of cell volumes covered three 
orders of magnitude and the temperature range was ~ 20°C. Variation in cell size, PFD, 
and daylength were accounted for using the multiple regression model (Eq. 5.7, see 
above), but in this analysis ordinary least squares regression, rather than quantile
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regression, was used to estimate the thermal sensitivity (Ea), and allometric (b) 
coefficients.
Across-species thermal sensitivity and size-scaling o f diatom p max using peak growth 
at T0pi
This analysis used the same data set that was compiled for the analysis of 
thermal sensitivity of diatom specific growth within species (Appendix 4B). The same 
methods as used in the analysis of microalgal pmax at Topt across species (see above) were 
used to analyse this data set. Thus, as they are based on the same data, a comparison of 
the activation energies from this analysis with the mean Ea determined for diatoms 
within species is a more robust test of the difference between acclimatory and 
evolutionary temperature dependence, and represents the situation seen in the conceptual 
model (Figs. 5. IB, and C).
Data analysis
The activation energies, and allometric exponents from all of the analyses were 
compared (t -tests) with the values predicted by the MTE i.e., 0.32eV and -0.25 
respectively (Allen et al. 2005; Gillooly et al. 2001), and with each other (see Fig. 5.2). 
To be conservative, all /-tests were Bonferroni corrected (Sokal and Rohlf 1995), giving 
alpha values for 2 and 3 comparisons of 0.025 and 0.016 respectively.
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Results
Within-species microalgal thermal sensitivity
Analysis of variance indicated that there was no significant difference in Ea 
among phyla (F7,22 = 0.45, p  = 0.862). The weighted mean activation energy of these 
responses (Fig. 5.2A) of 0.46 eV (SE = 0.032) was significantly different from the Ea of
0.32 eV predicted by MTE (t = 4.38, df = 28,p  <0.001).
Within-species diatom thermal sensitivity
The weighted mean activation energy (0.53 eV, SE = 0.137) of the diatom p max 
thermal response (Fig. 5.2B) was not significantly different from that of 0.32 eV 
predicted by MTE (t = 1.54, df = 9,p  = 0.158) or the 0.46 eV estimated for all 
microalgae within species {t = 0.07, df = 37, p  = 0.941).
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Fig. 5.2 A comparison of the results from the within-and across-species analyses of the 
temperature dependencies (activation energies, Ea) of microalgal, and diatom specific 
growth rates. (A) Frequency histogram of microalgal activation energies within species 
(30 responses). The dotted horizontal line represents the weighted mean ± 2SE, the 
solid line is the Ea ± 2SE from the 96th quantile of the multiple regression (Eq. 5.7) of 
microalgal jumax (n = 138) across-species analysis, and the dashed line shows the Ea ± 
2SE from the ordinary least squares regression (Eq. 5.7) of microalgal /umax at Topi (n = 
16). (B) Frequency histogram of diatom activation energies within species (n = 11). 
Here the dotted horizontal line represents the weighted mean ± 2SE, the solid line is the 
Ea ± 2SE from the 90th quantile of the multiple regression (Eq. 5.7) of diatom fimax (n = 
52) across species, and the dashed line shows the Ea ± 2SE from the ordinary least 
squares regression (Eq. 5.7) of diatom /umax at Top, (n = 11). In both graphs the arrow 







Across-species thermal sensitivity and size-scaling o f  microalgalpmax using quantile 
regression
The activation energy of 0.48 eV determined using the 96th quantile (Table 5.1, 
Figs. 5.2A, 5.3A) was significantly different from the 0.32 eV predicted by MTE (t = 
16.43, df = 136, p  < 0.001) but not significantly different from the 0.46 eV estimated in 
the within-species analysis of microalgal pmax (t = 0.576, df = 164,p  = 0.565). The 
allometric exponent of 0.15 determined using the 96th quantile (Table 5.1) was 
significantly different from the value of -0.25 predicted by the MTE (t = 31.59, df = 136,
p  < 0.001).
Across-species thermal sensitivity and size-scaling o f  diatom p max using quantile 
regression
The Ea of 0.41 eV determined from the 90th quantile (Table 5.2, Figs. 5.2B,
5.3B) was significantly different from the 0.32 eV predicted by the MTE (t = 17.22, df = 
50, p  < 0.001), and the across-species microalgal Ea determined using quantile 
regression (t = 6.55, df = 186, p  < 0.001), but not significantly different from the mean 
within-species diatom Ea (t = 0.89, df = 186, p  = 0.373). The allometric exponent of 
0.19 (Table 5.2) was significantly different from: that of -0.25 predicted by the MTE (/ = 
73.48, df = 50, p  <0.001), and that of 0.15 determined in the across-species analysis of 
microalgal pmax (t = 3.69, d f=  186, p  < 0.001).
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Across-species thermal sensitivity and size-scaling o f microalgal p max using peak 
growth at Top,
In the analysis of this data set none of the model parameters was significantly 
different from zero (Table 5.3, Fig. 5.2A), so no comparisons were made.
Across-species thermal sensitivity and size-scaling o f diatom jumax using peak growth 
at Top,
The across-species diatom Ea of 0.47 eV determined using peak growth at T0pt 
(Table 5.4, Figs. 5.2B and 5.3C) was not significantly different from: the value of 0.32 
eV predicted by MTE (t = 0.86, df = 9, p  = 0.410), the within-species diatom Ea (t = 
0.34, df = 18,/? = 0.741), or the across-species diatom Ea determined using quantile 
regression (t = 0.346, df = 59, p  = 0.731). The allometric exponent of 0.25 (Table 5.4) 
was significantly different from that of -0.25 predicted by MTE (t = 3.55, df = 9, p  
<0.05) but not significantly different from that of 0.19 in the quantile regression analysis 
of diatom Ea across species (t = 0.748, df = 59, p  = 0.457) or that of 0.15 in the quantile 
regression analysis of microalgal Ea across species (t = 1.29, df = 145, p = 0.199).
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Table 5.1. Parameters and associated statistics of the 96th quantile from the across- 
species multiple regression (Eq. 5.7) of microalgal jumax (n = 138). NC96th is the 
normalisation constant ( d 1), bĝ th is the allometric exponent, Ea96th is the activation 
energy (eV), and KPFDg6th is a constant (mol photons m'2 d '1).
param eter estimate s td .e rro r t P
lnN c96th 19.47 0.38 51.12 <0.001
bg6th 0.15 0.01 18.41 <0.001
Ea96th 0.48 0.01 49.10 <0.001
lnKpFD96th 4.35 0.36 12.25 <0.001
Table 5.2. Parameters and associated statistics of the 90th quantile from the across- 
species multiple regression (Eq. 5.7) of diatom jumax (n = 52). Ncmh is the normalisation 
constant ( d 1), bgo,h is the allometric exponent, Ea9oth is the activation energy (eV), and 
KpFD90th is a constant (mol photons m‘2 d 1).
param eter estimate std. error t P
lnNc90th 15.42 0.17 89.71 <0.001
b90th 0.19 0.01 32.05 <0.001
Ea90th 0.41 0.01 79.63 <0.001
InKpFD90th -2.22 0.03 87.87 <0.001
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Table 5.3. Parameters and associated statistics from the multiple regression (Eq. 5.7) of 
across-species microalgal /jmax using peak growth at Top, (n = 16). NCm is the 
normalisation constant ( d 1), bm is the allometric exponent, Eam is the activation energy 
(eV), and K PFDm is a constant (mol photons m' d" ).
param eter estimate std. e rro r t P
InNcm 6.59 9.95 0.66 0.520
b m 0.29 0.14 2.10 0.057
F̂a m 0.15 0.25 0.59 0.567
l n K PFDm 18.33 33.18 0.55 0.591
Table 5.4. Parameters and associated statistics from the multiple regression (Eq. 5.7) of 
across-species diatom f/max using peak growth at Top, (« = 11). NCd is the normalisation 
constant (d '1), bd is the allometric exponent, Ead is the activation energy (eV), and KPFDd 
is a constant (mol photons m' d").
param eter estimate s td .e rro r t P
InNcd 17.34 6.55 2.65 <0.05
bd 0.25 0.08 3.35 <0.05
Ead 0.47 0.17 2.74 <0.05
lnKPFDd -1.05 2.52 0.42 0.690
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Fig. 5.3 Thermal sensitivity of microalgal maximum specific growth rates. (A) Size and 
light-corrected thermal sensitivity of microalgal jumax across species, using quantile 
regression (n = 138). The line represents the 96th quantile. (B) Size and light-corrected 
thermal sensitivity of diatom /umax across species, using quantile regression (n = 52). The 
line represents the 90th quantile. (C) Size-corrected across-species thermal sensitivity of 
diatom jumax using peak growth rates at Topt (n=  11). Here, the regression line was 
determined using ordinary least squares. In all three graphs the parameter estimates 
used for the corrections are from the multiple regression model (Eq. 5.7), whose use is 
justified in the text and in Tables 5.1, 5.2, and 5.4. R \ r) represents the relative deviance 
of the model (Koenker and Machado 1999), which is a measure of the goodness of fit of 
the model to the data at the specified quantile. In the equations y  refers to ln(cell 
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Discussion
Thermal sensitivity o f microalgae compared to terrestrial plants
This study indicates that the activation energy (Ea) of microalgal specific growth 
rates is higher than that of 0.32 eV predicted (Allen et al 2005) for processes controlled 
by photosynthesis in terrestrial C3 plants. The Ea determined in the across-species 
quantile regressions of microalgal and diatom maximum specific growth rates (p max), 
and the mean microalgal within-species Ea, were all significantly higher than 0.32 eV. In 
the analyses of peak growth at Top,, the activation energies were not significantly 
different from 0.32 eV, although the statistical power of these analyses may have been 
reduced by the small sizes of these data sets (n = 9, and 16).
The thermal sensitivity (0.48 eV) of microalgal pmax across species found in the 
present study also differs (t = 19.49, df = 136,p  < 0.001) from the thermal sensitivity of 
net photosynthesis (0.29 eV) observed in marine phytoplankton (Lopez-Urrutia et al. 
2006). However, in the across-species analysis of Lopez-Urrutia et al. (2006) the 
activation energy was based on the mean, rather than the maximum, as in the present 
study (96th quantile). Consequently, to make a closer comparison of activation energies 
between studies, the median (50th quantile ) Ea of microalgal pmax across species was 
also determined (0.40 eV, SE 0.0085) and found to be significantly different from the 
value of 0.32 eV predicted by MTE (t = 9.10, df = 136,/» < 0.001) and the Ea determined 
for net photosynthesis by Lopez-Urrutia et al. (2006) (t = 12.65, df = 136,p  <0.001). 
These results suggest that the higher across-species thermal sensitivities of microalgal 
Pmax found in the present study are not due to a different statistical approach.
Differences in activation energies between the present study and that of Lopez-Urrutia et
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al. (2006) may be explained by the different methodologies used in compiling the data. 
For example, as Lopez-Urrutia et al. (2006) did not indicate that they excluded any 
values above Top, prior to compiling their data set, it is possible that their data set 
includes values where the individual photo synthetic responses were inhibited by high 
temperatures (i.e., photosynthetic rates beyond those at the peak Topl). The inclusion of 
such data, that do not comply with the assumption of an exponential relationship 
between temperature and photosynthesis, would lead to a lower average Ea, and thus 
may account for the low thermal sensitivities observed in that study. The careful 
exclusion of data above Topt and use of the ¡umax response in the present study give 
greater confidence that the estimates of Ea obtained more closely represent the optimum 
growth response to temperature, and equate to a better approximation of evolutionary 
growth temperature (Clarke 2003).
Why might the thermal sensitivity o f  micro algal growth rates be different from that o f  
terrestrial plants?
The predicted activation energy of 0.32 eV for C3 photosynthesis in terrestrial 
plants (Allen et al. 2005) was based on the temperature dependence of Rubisco 
carboxylation (Farquhar 1980), which is sensitive to the respective partial pressures of 
C 0 2 and 0 2 within the chloroplast (Falkowski and Raven 2007). However, the partial 
pressures of C 02 and 0 2 differ between aquatic and terrestrial environments (Brown et 
al. 1995), and unlike terrestrial plants, microalgae are able to utilise carbonate and 
bicarbonate ions in addition to C 02 (Falkowski and Raven 2007). Thus, these 
environmental and physiological differences may partly explain the higher thermal
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sensitivities observed in microalgae. Another possibility is that these differences may 
represent a mismatch between a theoretically derived relationship and empirical data.
Acclimatory and evolutionary thermal sensitivities o f  microalgae
The present study has shown that there is no significant difference between the 
thermal sensitivity of the microalgal acclimatory (within-species) growth rate response 
and the evolutionary (across-species) response. This supports the argument (Gillooly et 
al. 2006) that the effects of acclimation, and adaptation are reflected in the normalization 
constant (io see Eq. 5.1, and Fig. 5.1C) rather than the activation energy. Thus, the 
results of the present study do not support the evolutionary trade-off hypothesis of 
Clarke (2004). An explanation for these results is somewhat elusive because they 
suggest that, in addition to faster growth rates, warm adapted species may also have a 
broader thermal niche, which is in contrast to theory that predicts a trade off between 
performance at high and low temperatures regarding the evolution of thermal reaction 
norms (Huey and Kingsolver 1989). Furthermore, these results also suggest that a single 
temperature limits the specific growth rates of diverse microalgae (Fig. 5.1C).
Microalgal size-scaling exponent
In all of the analyses in the present study the allometric exponent was 
significantly different from the value of -0.25 predicted by the MTE. This supports 
other studies that have found a weak relationship (Banse 1982; Robinson et al. 1983; 
Sommer 1989; de Castro and Gaedke 2008) between microalgal growth rates and cell 
size, but differs from other studies (Fenchel 1974; Lopez-Urrutia et al. 2006; Savage et
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al. 2004a) that have also found an allometric exponent of -0.25. Such wide-ranging 
relationships observed between microalgal growth and cell size may arise from 
alternative life-history strategies that are the result of adaptation to different light and 
nutrient regimes (Litchman et al. 2007). For example, photosynthetic efficiency in 
microalgae is affected by the package effect (i.e., chlorophyll is arranged in discrete 
packages within the cell so increases in chlorophyll content ultimately lead to self­
shading) which itself is influenced by the light regime and cell geometry (Kirk 1994; 
Falkowski and Raven 2007). Furthermore, Litchman et al. (2007) have shown that there 
is a nutrient affinity/storage trade-off continuum in microalgae such that smaller cells 
have a high nutrient affinity and hence a competitive advantage at low nutrient 
concentrations, whereas larger cells (and particularly diatoms with their large storage 
vacuoles) have a competitive advantage at high nutrient concentration. Consequently, 
these physiological responses to light and nutrients in microalgae may account for the 
discrepancies observed in the relationship between size-scaling and growth rates 
observed in this group (e.g., Fenchel 1974; Banse 1982). However, another possible 
explanation for these discrepancies may be that the relationship between size and 
temperature (Atkinson 1994) is causing collinearity in the full model (Eq. 5.7).
As the aim of this study was to assess the applicability of the MTE to microalgal 
specific growth rates it was appropriate to use the Arrhenius equation to model the 
temperature dependency of this process. However, it should be noted that this is only 
one of many possible models (Clarke 2004) that have been used to describe the 
relationship between microalgal growth and temperature (see Ahlgren 1987), both over 
that region of the response that excludes temperature extremes, and over the full thermal
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range (i.e., including temperatures that exceed the Topt). Consequently, Chapter 6 
examines the suitability of these alternative models to mechanistically explain or predict 
the relationship between temperature and microalgal specific growth rates.
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CHAPTER 6
Temperature functions in biology and their application to 
microalgal growth rates: A new assessment
Introduction
Generally biological responses are left-skewed i.e., rates increase to an optimal 
temperature and then rapidly decline with further increases in temperature (Frazier et al. 
2006; Huey and Berrigan 2001), although there are studies suggesting that the 
relationship may be well described by a symmetric function e.g., Gaussian (Angilletta 
2006). However, as numerous studies (e.g., Gillooly et al. 2001; Gillooly et al. 2002; 
Savage et al. 2004a) focus only on that region of the response that excludes temperature 
extremes (i.e., that region where the response is monotonic and increasing) this Chapter 
initially addresses the microalgal growth response in that region prior to addressing the 
response across the full thermal range.
Candidate models for the growth rate response with no temperature inhibition
Thermal response functions that have been used to model biological processes 
over that region of the response that excludes temperature extremes include linear 
(Montagnes et al. 2003), power (Belehradek 1926), and exponential (Arrhenius 1889). 
The linear model (Eq. 6.1), also known as the degree-day thermal summation rule 
(Cossins and Bowler 1987; Trudgill et al. 2005), has been widely used in applied 
entomology and agriculture because of its simplicity and that it often provides a good fit 
to observed values (Sharpe and DeMichele 1977; Montagnes et al. 2003):
pN =Mo+ aT  (6-1)
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where jun represents microalgal specific growth rates over that region of the response 
that excludes temperature extremes, T  is temperature (°C), /jq represents growth at 0°C 
and a is the slope of /¿N vs. T. The use of the power function (Eq. 6.2, Belehradek 1926) 
was based on the idea that many biological temperature responses are controlled by 
physical processes (e.g., diffusion and viscosity) that are related to temperature by a 
power function (Ahlgren 1987):
where b, and c are constants. Although not widely adopted in biological studies, this 
function has been shown to provide a good fit to microalgal growth (e.g., Ahlgren 1987), 
and invertebrate development (e.g., Lee et al. 2003), in response to temperature. 
Exponential temperature response functions (Eq. 6.3) form the basis of the well-known 
Qio relationship which has been widely used in biology as a convenient measure of the 
effect of temperature on metabolic processes (Cossins and Bowler 1987):
where a, and d  are constants. However, it has been argued that simple exponential 
relationships have no clear mechanistic basis and are rarely observed in biological rate 
processes (Sharpe and DeMichele 1977; Ahlgren 1987). Furthermore, as g i ovaries with 
temperature over the temperature range of most biological processes, comparisons 
between species can only be made over identical temperature ranges (Cossins and 
Bowler 1987; Gillooly et al. 2002; Montagnes et al. 2003). This drawback has 
stimulated interest in temperature functions that aim to explain biological processes in 
terms of the underlying thermodynamics. The Arrhenius (1889) equation (Eq. 6.4) is 
also an exponential-type function, but unlike the simple exponential function (Eq. 6.3), it
(6 .2)
HN = a e dT (6.3)
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often provides a good fit to biochemical reactions. However, although it incorporates 
statistical thermodynamics, the Arrhenius equation is generally considered to be an 
empirical relationship of the situation seen in ideal gases (Sharpe and DeMichele 1977; 
Schoolfield et al. 1981; Cossins and Bowler 1987):
Mn = Ae~E°/RT{K) (6.4)
where A is the pre-exponential factor, Ea is the activation energy (electron volts, eV), R 
is the universal gas constant (i.e. the Boltzmann constant, 8.62x 10”5 when expressed in 
eV K"1), and T(k) is the absolute temperature (K). This study initially investigates which 
of these functions is the most appropriate model of microalgal specific growth over that 
region of the response that excludes temperature extremes.
Whilst providing an excellent empirical model of individual biochemical 
reactions (Cossins and Bowler 1987), the Arrhenius model has also been extended to 
describe whole organism development time (Gillooly et al. 2002), population growth 
(Savage et al. 2004a), ecosystem energetics (Lopez-Urrutia et al. 2006), and other 
biological processes (e.g., Brown et al. 2004). The use of the Arrhenius function to 
describe complex biological processes remains controversial (Clarke and Fraser 2004; 
Clarke 2006) and it has been argued that the across-species (i.e., multi-species 
assemblage) thermal response, as a statistical description of evolutionary optimisations, 
is fundamentally different from the within-species response (Clarke 2004; Clarke and 
Fraser 2004, Clarke 2006). This view is in contrast to the use of the Arrhenius term, in 
the metabolic theory of ecology (MTE) to describe within-and across-species responses 
(Gillooly et al. 2001; Gillooly et al. 2002; Brown et al. 2004); and the results of Chapter 
5. Consequently, there is a need to assess the use of the same temperature functions to
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describe within-species thermal responses as those used to model the responses of multi­
species assemblages.
However, concentrating only on biological responses over that region of the 
temperature range that is not inhibited by thermal extremes limits the scope of 
investigations and can be biologically misleading when this leads to the selection of an 
inappropriate model of the relationship (Buhé and Blouin-Demers 2006). Consequently, 
there is a need to examine the metabolic response over the full thermal range, in addition 
to the region of the response where the metabolic process is inhibited by high and/or low 
temperatures: this issue is therefore also addressed in this Chapter.
Candidate models for the growth rate response including high temperature inhibition
Where models have been used to model temperature responses over the full 
thermal range (e.g., Angilletta 2006) these are generally phenomenological rather than 
based on mechanisms e.g., quadratic, Gaussian, modified Gaussian, Weibull, and 
modified quadratic (Flinn 1991). However, two functions that attempt to explain 
biological processes over the full thermal range in terms of the underlying 
thermodynamics are those of Hinshelwood (1947), and Sharpe and DeMichele (1977). 
The Hinshelwood (1947) formulation (Eq. 6.5) considers the biological response to 
temperature to be the result of two opposing processes (synthetic and degradative) both 
of which are modelled by the Arrhenius equation (Li and Dickie 1987):
Mi = Ae
’ " '~Eaf
RT(K). -  A,e RT(k)_ (6.5)
where pi represents microalgal specific growth rates over the full thermal range, and 
subscripts 1 and 2 denote the synthetic and degradative processes respectively. A’ T(V.
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and Ea have the same meaning as in the Arrhenius equation (Eq. 6.4), so this model 
suffers from the same criticisms that can be levelled at the Arrhenius model in terms of 
lacking a strong theoretical basis.
Recognising the need for a theoretical temperature function that was capable of 
describing biological rates over a wide range of temperatures (i.e., a model that 
describes growth inhibition at both temperature extremes) Sharpe and DeMichele (1977) 
expanded theory embodied in the Eyring (1935) equation (Eq. 6.6) to explain biological 
processes over the full thermal range:
k B T ( K)  J & S - A H / T ( k] )R
h
(6.6)
where &g is Boltzmann’s constant (eV K '1), h is Planck’s constant (eV s"1), AS is the 
entropy of activation (eV K 1), and AH  is the enthalpy of activation (eV). The Eyring 
(1935) equation, in contrast to the empirical Arrhenius formulation, is based on reaction 
rate theory and statistical thermodynamics. Thus, by incorporating this theory into their 
model Sharpe and DeMichele (1977) provided a solid theoretical framework and tool to 
better understand the underlying processes. Furthermore, Sharpe and DeMichele (1977) 
also recognised the validity of a linear approximation over that region of the response 
that excludes temperature extremes (e.g., the degree-day concept) so their full model 
tends to linearise the response in that mid-temperature region (Fig. 6.1).
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Fig. 6.1 Conceptual relationship between temperature (°C) and a biological rate process, 
highlighting the linear region of the response. (Redrawn from Sharpe and DeMichele 
1977).
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In deriving their function Sharpe and DeMichele (1977) made three assumptions: 
development can be considered to be regulated by a single control enzyme whose 
reaction rate determines the development of the whole organism; the development rate is 
proportional to the product of the concentration of the active enzymes and their rate 
constant; and the control enzyme can exist in two temperature- dependent inactive states 
well as an active state.
Sharpe and DeMichele (1977) defended the first assumption, by stating that, as 
enzymes are arranged in series in most biochemical pathways, the overall metabolic 
process is controlled by strategic control enzymes. They also stated that, in those 
instances where there are convergent parallel pathways, co-ordination of the overall 
process means that the rate can be assumed to be limited by a single enzyme. However, 
the Sharpe and DeMichele (1977) function proved difficult to model using non-linear 
regression and was subsequently modified by Schoolfield et al. (1981). Consequently, 
in the present study, the resultant model is referred to as the Sharpe-Schoolfield model 
(Eq. 6.7):
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where /// represents the specific growth rate at temperature T over the full thermal range, 
p(io°c) is the growth rate at 20°C (= 293.15 K), AHa is the enthalpy of activation of the 
reaction that is catalysed by the enzyme ( eV), T(K)\iil is the temperature (K) at which the 
enzyme is half active and half low-temperature inactive, AHL is the change in enthalpy
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associateci with low temperature inactivation of the enzyme (eV), Tqq\h h  is the 
temperature (K) at which the enzyme is half active and half high-temperature inactive, 
AHh is the change in enthalpy associated with high temperature inactivation of the 
enzyme (eV).
It is argued that the three separate exponential terms in the Sharpe-Schoolfield 
model allow it to be adapted (Schoolfield 1981; Wagner et al. 1984) to describe thermal 
response curves with: both high and low temperature inhibition (Eq. 6.1); high 
temperature inhibition; low temperature inhibition; or no temperature inhibition. For 
example the removal of both exponential terms in the denominator produces a model 
suitable for those situations where growth is not inhibited by temperature extremes (see 
Table 6.1), removal of the first exponential term in the denominator produces a model 
suitable for describing high temperature inhibition (see Table 6.2), and removal of the 
second exponential term in the denominator produces a model suitable for describing 
low temperature inhibition. Thus, in the present study the 2 parameter model (i.e., 
numerator only, see Table 6.1) is included as a candidate model when examining 
microalgal specific growth over that region of the response that excludes temperature 
extremes. However, to examine the microalgal growth response over the full thermal 
range, the version of this function that also included high temperature inhibition (4 
parameters, see Table 6.2) is adopted as a candidate model of that relationship. This 
version is preferred to the full six-parameter model (Eq. 6.6), that also includes a term 
for low temperature inhibition, because: the strongest changes in slope are generally 
observed at the upper end of the thermal range; and the information-theoretic approach 
adopted in this study requires the number of data points in the response to be P+1
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(where P  is the number of parameters plus the error term) so use of the full model would 
limit the number of responses that could be modelled.
Modelling multi-species responses to a single limiting factor
One concern when attempting to model multi-species responses to a single 
limiting factor, such as temperature, is that the relationship will be confounded by other 
unmeasured variables in the data. For example, size (Savage et al. 2004a), taxonomic 
affiliation (Banse 1982), and light (e.g., Lopez-Urrutia et al. 2006; Chapter 3) may also 
explain much of the variation in microalgal specific growth rates. Here, this problem is 
overcome by concentrating on the maximum temperature response (pmax) i.e., the upper 
envelope of a scatter graph (Scharf et al. 1998). Below this ceiling other, possibly 
unmeasured, factors may be the active limiting constraint and so responses near the 
edges, rather than at the centre of distributions, give a better estimate of the effect of the 
limiting factor in question on the response variable (Kaiser et al. 1994; Cade et al. 1999). 
This type of approach has been adopted in previous studies of temperature and 
microalgal growth rates (Bissinger et al. 2008; Eppley 1972). However, in both those 
studies an exponential model was adopted without any assessment of its suitability. 
Furthermore, Bissinger et al.(2008) noted that the relationship was not exponential at 
high temperatures (> 29°C) and cautioned against using their model above these higher 
temperatures. Consequently, this Chapter uses quantile regression (Koenker and Bassett 
1978) to objectively determine these pmax multi-species responses over that region of the 
response that excludes temperature extremes and also over the full thermal range.
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Model selection procedures
With such a range of possible temperature models how should we decide which 
function best describes our data? In this study two approaches are adopted to address 
this problem: the within-species responses are assessed using information theory 
(Burnham and Anderson 2002), and the p max across-species responses are assessed by 
comparing the quantile relative deviances (i?'T) (Koenker and Machado 1999). An 
information-theoretic approach explicitly accounts for the tendency of models with more 
parameters to over-fit the data (Angilletta 2006) and allows the explanatory power of a 
range of models to be compared. Furthermore, a comparison of the Akaike weights 
(Burnham and Anderson 2002) associated with each model allows the relative strength 
of evidence for each of the models to be assessed. However, at present it is not 
technically possible to use information-theory with non-linear quantile regression, so 
here the relative deviance associated with each model is used to compare the across- 
species pmax models, this being equivalent to the more familiar coefficient of 
determination used in ordinary least squares regression (Koenker and Machado 1999).
This chapter determines the most-likely model of: the within-species microalgal 
specific growth rate response over those regions of the response where growth rates both 
are, and are not, inhibited by high temperatures; the across-species microalgal jumax 
response over those regions of the response where growth rates both are, and are not, 
inhibited by high temperatures.
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Methods
The aim here was to determine the most appropriate model to describe the 
within-species specific growth rate (p) response of microalgae to temperature, over that 
region of the response where growth was not inhibited by temperature extremes. To 
achieve this, experimentally derived microalgal specific growth rate responses to 
temperature were compiled from the literature (Appendix 5A) where: the responses were 
not inhibited by temperature extremes; there were at least 5 data points in each response; 
and daylength, photon flux density, and nutrients were not varied. Candidate models 
(see Table 6.1) were identified from the literature and from these the most-likely model 
was selected using an information-theoretic approach (Burnham and Anderson 2002). 
The shape of these models is illustrated using data from Montagnes et al. (in press) (Fig. 
6.2A)
The five candidate models were iteratively fit (SigmaPlot v.10, SPSS Inc., 
Chicago, USA) to the individual responses, and parameters were determined. Then, 
following the procedure of Burnham and Anderson (2002), the corrected Akaike 
Information Criterion (AICc) was determined for each model. The AICc is used in 
favour of the AIC when, as in this analysis, the sample size is small compared to the 
number o f estimated parameters (Burnham and Anderson 2002). As AICc estimates the 
information lost when using a particular model to describe the data, the most-likely 
model is the one with the lowest AICc value (Burnham and Anderson, 2002). The total 
number o f times that each model best described the data was calculated and the Akaike 
weights from these best performing models were summed.
The within-species growth rate response with no temperature inhibition
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The aim here was to determine the most-likely model to describe the within- 
species growth rate response of microalgae to temperature, including that region of the 
response where there was high temperature inhibition. Experimentally derived 
microalgal specific growth rate responses to temperature were compiled from the 
literature (Appendix 5A) where there were at least 7 data points in each response and 
daylength, photon flux density and nutrients were not varied. Here the candidate models 
(see Table 6.2) consisted o f four ‘standard’ models (i.e., Gaussian, quadratic, modified 
Gaussian, Weibull) that have been used, either theoretically or empirically, to describe 
thermal performance curves (e.g., see Angilletta 2006), and three other models (Flinn 
1991; Hinshelwood 1947; Schoolfield et al. 1981) that have been used to describe 
thermal rate responses in ectotherms (see Table 6.1). Of these models, only those 
presented by Schoolfield et al. (1981) and Hinshelwood (1947) have some mechanistic 
basis; the others are phenomenological. The most-likely model was determined using an 
information-theoretic approach (Burnham and Anderson 2002) using the same methods 
as in the above analysis.
The within-species growth rate response including high temperature inhibition
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Fig. 6.2 The candidate models (see Tables 6.1, 6.2) fit to Cryptomonas sp. specific 
growth rates as a function of temperature to illustrate the shape of the models. (A) Five 
candidate models (see Table 6.1) fit to that region of the response where there was no 
temperature inhibition. (B) Seven candidate models (see Table 6.2) fit to the specific 
growth rate response including that region where growth was inhibited by high 
temperatures. Numbers of lines represent: 1) Gaussian, 2) quadratic, 3) Flinn (1991), 4) 
modified Gaussian, 5) Weibull, 6) Sharpe-Schoolfield, and 7) Hinshelwood (1947). The 
data were taken from Montagnes et al. (2008).
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To determine the model that best described across-species microalgal maximum 
specific growth rates (p max), over that region of the response where growth is not 
inhibited by temperature extremes, experimentally derived microalgal specific growth 
rates were compiled from the literature (Appendix 5B) where growth was positive (i.e., 
no net mortality). As a plot of the data indicated that p declined at temperatures >29°C 
(see Bissinger et al. 2008), only growth rates measured at temperatures < 29°C were 
included (n = 2504). The same candidate models (see Table 6.1) as applied in the 
within-species analysis were used in this analysis. For each model quantile regression 
(Koenker and Bassett 1978) was used to objectively define the upper edge of the data 
(Scharf et al. 1998) and, as this data set was large (n = 2504), it was possible to estimate 
the 99th quantile for each of the functions (Rogers 1992). The 99th quantiles were 
modelled using the ‘quantreg’ package (Koenker 2006) in the statistical language R 
v.2.6.1. (http://www.r-project.org). The relative deviance, R \ ,  associated with each 
model was used as a measure of the goodness of fit associated with that model at the 
specified quantile (Koenker and Machado 1999).
Across-species p max including high temperature inhibition
The aim here was to determine the model that best described across-species 
microalgal p max including that region of the response that was inhibited by high 
temperatures. Experimentally derived microalgal specific growth rates (n = 2703) were 
compiled from the literature (Appendix 5B, and C) and the same candidate models (see 
Table 6.2) as applied in the within-species analysis including high temperature inhibition
Across-species p max with no temperature inhibition
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were used in this analysis. In addition, as studies have often used more parsimonious 
models to describe this relationship (e.g., Bissinger et al. 2008; Eppley 1972) the 
mathematically simpler models used in the previous analyses, where growth was not 
inhibited by temperature extremes (see Table 6.1), were also applied here. The 99th 
quantiles were modelled as in the previous pmax analysis (see above), and the relative 
deviances R 't from these models were compared.
Results
The within-species growth rate response with no temperature inhibition
The linear model was the most-likely model in the majority of responses (n =23), 
whereas the Arrhenius model was the most-likely model in only four responses (Table 
6.1). For six responses of the 51 in this data set more than one model described the data 
with equal likelihood. The sum of Akaike weights, shows that in those responses
where the linear model was the most likely-model, it described the data considerably 
better than the other candidate models. The majority (n = 44) of responses comprised < 
7 data points and there was no clear pattern between the most-likely model frequency, 
and the number of data points in the response (Fig. 6.3).
The within-species growth rate response including high temperature inhibition
Of the 35 responses in this data set the Gaussian model was the most-likely 
model in the majority of responses (Table 6.2). The sum of Akaike weights, Ew,, 
indicates that, in those responses where the Gaussian model was the most likely-model, 
it described the data considerably better than the other candidate models. The majority
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(n = 27) of responses contained < 10 data points and there was no clear pattern between 
the most-likely model frequency and the number of data points in the response (Fig. 
6.4).
Across-species p max with no temperature inhibition
The relative deviance associated with the 99th quantiles (Table 6.3) indicated that 
the Arrhenius model (Eq. 6.4) described the upper envelope of this data set better than 
the other models (although only marginally better than the Sharpe-Schoolfield model). 
The parameters from this analysis yields:
Mn = 6.57 x 10V
-0.41/RT{k)
(6 .8)
where pmaxi represents the maximum specific growth rate when growth is not inhibited 
by temperature extremes. In this analysis it was not possible to fit the power model to 
the data.
Across-species jumax including high temperature inhibition
The relative deviance associated with the 99th quantiles (Table 6.4) indicate that 
the Sharpe-Schoolfield model (Eq. 6.7) described the upper envelope of this data set 
better than the other models (although only marginally better than the Gaussian model) 
(Fig. 6.5B). The parameters from this analysis yields:
Mmax(T )
/ m  \ 0.50 r i i y i
3.01 V )
 ̂293.15 )




\ + el ,307 T(K),
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where /Jmax(D is the maximum specific growth rate over the full thermal range at 
temperature T (k). In this analysis it was not possible to fit the Flinn (1991), Weibull, 
modified Gaussian, Hinshelwood (1947) and power functions to the data
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Table 6.1. The candidate models to describe the within-species growth rate response 
with no temperature inhibition. P  represents the number of parameters in the model 
(including the error term), n represents the number of times that model best described 
the data, and Sw, is the sum of Akaike weights over n responses. In all models pn 
represents the specific growth rate with no temperature inhibition, T is temperature (°C), 
T(k> is temperature (K), a, b, po, a, c, and d  represent constants. The Sharpe-Schoolfield 
equation shown here is the reduced model which is suitable for situations where growth 
is not inhibited by temperature extremes, p(2o°c)N represents the specific growth rate at 
20°C, and AHN is the enthalpy of the activation of the reaction that is catalyzed by the 
limiting enzyme (eV). In the Arrhenius equation A represents the pre-exponential factor, 
Ea is the activation energy (eV), and in both the Arrhenius and Sharpe-Schoolfield 
models R is the universal gas constant (i.e. the Boltzmann constant 8.62x10 5 when 
expressed in eV K '1).
model/ equation P n Ewt
source
linear RN = Ro+aT 3 25 16.29
exponential Rn = beCT 3 8 2.68
power Rn = aTd 3 18 9.01
Sharpe-
T« ) \ AH „ > 1 Ì 3 7 2.12Schoolfield Rn = P(20°C)N R [293.15 T(k) J ̂293.15 J
Arrhenius pN = A e 'W lc ) 3 3 0.85
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Table 6.2. The candidate models used to describe the within-species specific growth rate 
response with high temperature inhibition. In all models /// represents the specific 
growth rate including high temperature inhibition. In the Sharpe-Schoolfield model 
P(20°c)i represents the specific growth rate at 20°C when there is high temperature 
inhibition ( d 1), AH/ is the enthalpy of the activation of the reaction that is catalyzed by 
the limiting enzyme when there is high temperature inhibition (eV ), AHh is the change 
in enthalpy associated with high temperature inactivation of the limiting enzyme (eV), 
T(K)i/2H is the temperature (K) at which the enzyme is half active. In the Hinshelwood 
(1947) model A/ and A2 are the pre-exponential factors, EaI and Ea2 are activation 
energies. In the other models letters a, b, c, d, and no represent constants. See Table 6.1 
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Table 6.3. The models used to describe the across-species maximum growth response 
with no temperature inhibition (UmaxN)■ R \  represents the relative deviance of the 99th 
quantile and is a measure of the goodness of fit that can be attributed to a model at the 
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Table 6.4. The models used to describe across-species microalgal maximum specific 
growth rates as a function of temperature including high temperature inhibition (/imaxi)• 
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Fig. 6.3 Frequency with which the candidate models (see Table 6.1) were the most- 
likely fit to the microalgal within-species specific growth rate responses (n = 51), over 
that region of the response where there was no temperature inhibition.
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Fig. 6.4 Frequency with which the candidate models (see Table 6.2) were the most-
likely fit to the within-species microalgal specific growth rate responses (n = 35)
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Fig. 6.5 Across-species microalgal maximum specific growth in response to 
temperature. (A) Line shows the 99th quantile of the Arrhenius model (Table 6.1) fit to 
microalgal specific growth rates (n = 2504) over that region of the response where 
growth was not inhibited by high temperatures (< 29°C). (B) Line shows the 99th 
quantile of the Sharpe-Schoolfield model (high temperature version, see Table 6.2) fit to 
microalgal specific growth rates (n = 2703) over the full thermal response. R \  
represents the relative deviance of the quantile, and is a measure of the goodness of fit 




The within-species growth rate response with no temperature inhibition
This analysis has shown that the response is well described by a linear model. 
This supports other studies (e.g., see Montagnes and Franklin 2001; Montagnes et al. 
2003) that have observed a linear relationship between specific growth rates and 
temperature in microalgae. In common with other studies (e.g., Ahlgren 1987; 
Montagnes and Franklin 2001) the present study has demonstrated that the exponential 
function is a poor model of the data, suggesting that there is little justification for 
continuing to use the exponential function, such as the gio relationship, when modelling 
the within-species microalgal thermal growth response. Consequently, these results 
indicate that when comparing the within-species thermal sensitivity of microalgal 
growth between studies, the slope of the linear relationship is a suitable metric. 
Moreover, these results support the use of the day-degree summation rule to assess 
biological rate processes (Trudgill et al. 2005).
The reduced Sharpe-Schoolfield and Arrhenius functions were poor models of 
these microalgal growth rate responses within species, and as these are both 
‘exponential-type’ functions, this again suggests that the shape of the within-species 
microalgal growth response is not exponential. The validity of a linear response in this 
region was recognised by Sharpe and DeMichele (1977), and by incorporating enzyme 
inactivation at temperature extremes, their full model explicitly allows for a linear 
response in the mid-temperature region i.e., progressive inactivation of enzymes at 
temperature extremes has the effect of turning down both ends of the reaction curve so 
diminishing the increasing acceleration effect implied by the exponential region of their
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model (Trudgill et al. 2005). However, whilst this logic applies to the full Sharpe- 
Schoolfield model it is not applicable to the reduced 2-parameter exponential version 
used in this analysis. This may explain why this function was a poor model of the data 
here and indicates that the reduced Sharpe-Schoolfield model is not an appropriate 
model of the within-species thermal growth response over that region where there is no 
temperature inhibition (Wagner et al. 1984).
In the present study the mean slope of the 25 data sets that were found to be 
linear was 0.064 ± 0.007 (SE) (d'1 °C‘1), which is not significantly different (t = 0.70, df 
= 100, p  = 0.487) from the value of 0.07 ± 0.005 (SE) ( d 1 °C4) found by Montagnes et 
al. (2003) in their investigation of protist growth rates in response to temperature. The 
concordance of these results suggests that this may be a general relationship. As the 
power function was a better fit to the data than the exponential function this gives some 
support to the suggestion (Belehradek 1926) that physical processes, such as viscosity 
and diffusion, may play a greater role than chemical processes in some biological 
temperature responses.
The within-species specific growth rate response including high temperature 
inhibition
This analysis of the within-species microalgal specific growth rate response over 
the full thermal range indicates that it is well described by a Gaussian function, which is 
symmetrical around an optimal temperature. This result is surprising as performance 
curves over the full thermal range are typically assumed to follow a left-skewed 
distribution i.e., specific growth rates increase to an optimal temperature and then
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rapidly decline with further increases in temperature (Frazier et al. 2006; Huey and 
Berrigan 2001). However, other studies (Angilletta 2006; Huey and Kingsolver 1993) 
have found that a Gaussian temperature function provides a good phenomenological 
model of the thermal response over the full thermal range. Angilletta (2006) suggested 
that, as the calculation of the AIC depends on sample size, small sample sizes may 
favour less complex models. However, the present study found no clear pattern between 
model selection frequency and the number of data points in the response, suggesting that 
the superior likelihood of the Gaussian model in this analysis is not a consequence of 
small sample size. Another possible explanation for this result lies in the distribution of 
the specific growth rate measurements along the temperature gradient. It is at the 
temperature extremes that physiological adaptations become more evident, so to realise 
the full potential of thermodynamic models, it is necessary to give greater emphasis to 
measurements at temperature extremes (Sharpe and DeMichele 1977). In the data sets 
used in this analysis generally most measurements were evenly spread over the 
temperature gradient, which may have favoured less complex models. Consequently, 
where researchers aim to use the Sharpe-Schoolfield model, attention needs to be 
focused on the experimental design to ensure that there will be sufficient measurements 
at these temperature extremes.
Across-species p max with no temperature inhibition
The relative deviance associated with the Arrhenius function indicated that this 
model best described the microalgal across-species maximum growth (pmax) response, 
although it was only a marginally better fit to the data than the Sharpe-Schoolfield
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model. Consequently, as the simple exponential (e.g., Qio) function is not the most 
appropriate model of these across-species relationships the equation derived here (Eq. 
6.8) will be a more accurate model of the microalgal jumax response to temperature than 
the exponential function derived by Bissinger et al. (2008).
This result also suggests that it may not be appropriate to use the same 
temperature functions to model the within- and across-species microalgal growth 
responses. More specifically, whilst the Arrhenius function is a good statistical model of 
the microalgal ¡imax response across species, it may not be the most appropriate model of 
the within-species growth response. Consequently, although the proponents of the 
metabolic theory of ecology (e.g., Gillooly et al. 2001; Gillooly et al. 2002; Gillooly et 
al. 2006) state that the Arrhenius model is applicable to within- and across-species 
analyses, the results of the present study suggest that this is not the case when applied to 
microalgae. The activation energy of 0.43 eV (SE 0.001) (Eq. 6.8) determined in the 
across-species analysis is significantly different from the value of 0.32 eV (t = 220, df = 
2502,;? < 0.001) predicted by the metabolic theory of ecology for terrestrial C3 plants 
(Allen et al. 2005), and to the value of 0.29 eV (t = 3.88, df = 3563, p  < 0.001) for 
marine phytoplankton (Lopez-Urrutia et al. 2006). These results support the general 
findings of Chapter 5 of this thesis i.e., that microalgal specific growth rates are more 
sensitive to the thermal environment than are processes associated with photosynthesis 
in terrestrial C3 plants.
Both Q\{) and Ea have been used to compare thermal sensitivities in studies of 
multi-species assemblages when temperature extremes are excluded (e.g., Clarke 2004; 
Savage et al. 2004a), thus complicating comparisons between studies. As the present
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study has shown that it is preferable to use the Arrhenius model, rather than the 
exponential function, to compare the thermal response in multi-species assemblages, this 
suggests that Ea may be a more accurate measure of comparative thermal sensitivity than 
(210 in multi-species studies. This result will also give further credence to the results of 
those who advocate the use of activation energies as a measure of thermal sensitivity in 
macrophysiological (Chown et al. 2004) studies (e.g., Gillooly et al. 2001; Gillooly et al 
2002; Savage et al. 2004a).
Why is the across-species fjmax response with no temperature inhibition non­
linear? It is known that life evolved at higher temperatures than are able to sustain life 
forms today, suggesting that adaptation to cold temperatures has been the main thermal 
evolutionary driving force for some considerable time (Di Giulio 2000; van de Have 
2008). The exponential-type relationship between growth and temperature suggests that 
the cellular costs (e.g., an increase in mitochondrial density, Clarke 1991) associated 
with maintaining compensatory growth rates at cooler temperatures (Clarke 2003) have 
proved to be a significant barrier to microalgal cold temperature adaptation (see Fig.
6.6). A similar exponential-type relationship (i.e., poor cold adaptation) between 
metabolism and temperature is also seen in teleost fish (Clarke et al. 1999 ), but not in 
terrestrial insects (Addo-Bediako et al. 2002), where the relationship indicates that this 
group is capable of cold temperature adaptation. These differences suggest that, either 
the costs of adapting to colder environments may be greater, or the evolutionary 
advantage is less, for fish and microalgae than terrestrial insects. The exponential shape 
o f the microalgal evolutionary growth response to temperature suggests that the costs 
(vs. benefits) at mid-temperatures appear to be greater than would be expected if
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evolutionary temperature adaptation proceeded in a linear fashion, and that the relative 
costs appear to decrease at very low temperatures (Fig. 6.6). The increasing solubilities 
of dissolved gases, such as O2 and CO2, with a decrease in temperature (Brown et al. 
1995), may compensate for the costs of cold temperature adaptation to some degree, and 
may be one explanation for the shape of this response.
Fig. 6.6 Conceptual diagram showing evolutionary cold temperature adaptation in 
microalgae. The arrows represent the thermal evolutionary driving force towards 
growth at colder temperatures; the horizontal solid line represents perfect thermal 
compensation; the dashed line represents the situation that would be observed if 
evolutionary temperature adaptation proceeded in a linear fashion; the shaded area 
represents the evolutionary costs involved in attaining perfect thermal compensation 
(Clarke 2003).
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The across-species jumax response including high temperature inhibition
The Sharpe-Schoolfield function was a good model of the microalgal maximum 
specific growth response across species, although the relative deviances associated with 
each model indicates that it was only a marginally better fit to the data than the Gaussian 
function. A visual comparison of the Sharpe-Schoolfield and Arrhenius models (Fig. 
6.5) shows how the Sharpe-Schoolfield model linearises that region of the response 
where there is no, or negligible, temperature inhibition of growth rates. The relative 
deviances associated with the more parsimonious functions (e.g., linear and exponential) 
examined in this analysis suggest that using these mathematically simpler functions is 
not appropriate when applied to a data set that exhibits high temperature inhibition (e.g., 
Bissinger et al. 2008). Consequently, the across-species pmax temperature function 
derived in this study (Eq. 6.9) will provide an accurate model of microalgal maximum 
growth rates across a wider range of temperatures than is possible with monotonic 
functions (e.g., Eq. 6.8), and will be useful in those situations for which a single 
theoretical maximum function is required, and in which data are unavailable to make 
corrections for size structure or light regime.
The utility o f  activation energy (EJ and enthalpy (AH) in multi-species comparisons
Graphically, the Ea and AH  terms in the Arrhenius and Sharpe-Schoolfield 
equations represent the degree of curvature associated with the region of the thermal 
response where there is no temperature inhibition (see Fig. 6.5). Thus, comparisons of 
Ea and AH  associated with different taxa, functional groups, or similar taxa in different
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environments will facilitate a better understanding of the evolutionary pressures 
associated with temperature adaptation in those groups or environments.
Although many biologists prefer to work with straight line relationships (Clarke 
2004), non-linear regression techniques obviate the transformational problems 
encountered when linearising relationships (Motulsky and Christopoulus 2004) and 
allow all the data to be used (Bulte and Blouin-Demers 2006). Thus, rather than 
continuing to use models that concentrate on that region of the thermal response where 
there is no temperature inhibition, it may be better to use all the available data and model 
the response over the full thermal range. In the present study the Gaussian equation was 
a good model of the within-species microalgal growth response to temperature, whereas 
the Sharpe-Schoolfield equation was a marginally better model of the across-species 
response. Applying the Sharpe-Schoolfield equation in multi-species analyses would 
allow the thermal sensitivities, expressed as AH, associated with macrophysiological 
(Chown et al. 2004) processes, to be compared over a wider range of temperatures and 




This thesis has examined the effects of temperature and light on microalgal 
specific growth rates (//) both within- and across-species. As I shall discuss, this broad 
approach has facilitated a better description of macroecological patterns (Brown 1995) 
and the pressures involved in microalgal evolutionary temperature adaptation (Clarke 
2003). Here, I summarise the main findings of this study and then outline possible 
directions for future work.
Summary o f  main findings
Using a combination of quantile regression (Koenker and Bassett 1978), iterative 
curve fitting techniques, and information theory (Burnham and Anderson 2002) new 
functions have been derived describing microalgal maximum specific growth rates 
(¡umax) in response to temperature, photon-flux density (PFD), daylength, and PFD and 
daylength combined. When compared to the function of Eppley (1972), the jumax 
temperature function derived in the present study supported others (e.g., Brush et al. 
2002) that have suggested that the Eppley curve is too low. Moreover, when the new 
function was embedded in a temperate shelf-sea ecosystem model (Sharpies et al. 2006) 
the output suggested that models that incorporate the Eppley function may underestimate 
primary production in cooler temperate waters by ~ 30%. Consequently, this thesis has 
shown that where the Eppley function has been used to predict the influence of 
temperature on aquatic primary production these predictions may require revision.
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To my knowledge this is the first study to derive functions of pmax vs. PFD, 
daylength, and PFD and daylength combined. Generally temperature functions have 
been applied in dynamic ecosystem models to set the upper limit of microalgal specific 
growth rates (Bowie et al. 1985), thus these new light-based jumax models will provide 
alternative approaches to modelling primary production across large spatial and 
temporal scales.
In addition to these jumax functions this study has also derived a general model of 
microalgal growth in response to daylength that will be useful in comparative studies 
where there is a need to normalise growth rates to a standard daylength. Furthermore, an 
exploration of the consequences of assuming a directly proportional relationship (e.g., 
assuming 24 h as 100% and 12 h as 50%) between growth rates and daylength (Brush et 
al. 2002; Kiorboe 1997), suggested that linear extrapolation from short daylengths to 24 
h can lead to growth overestimates of as much as 65%. Consequently, this study has 
demonstrated that it is essential to account for the non-linearity of this relationship in 
calculations of primary production.
The applicability of using the daily light-dose (DLD, PFD x daylength) to 
describe the specific growth rate response of the freshwater flagellate Cryptomonas sp. 
across a range of DLDs was examined using an experimental approach. However, 
despite the appeal of integrating the two elements of the light regime into one variable, 
this thesis has shown that the DLD concept may not always be reliable because the 
shape of the growth response to DLD depends on the ratio of PFD to daylength.
The universality of the metabolic theory of ecology (MTE) (Gillooly et al. 2001; 
Gillooly et al. 2002; Brown et al. 2004) as applied to microalgal specific growth rates
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has been addressed both within- and across-species. The results of this study indicate 
that the temperature dependency (expressed as an activation energy, Ea) of microalgal 
specific growth rates is higher than the 0.32 eV predicted (Allen et al 2005) for 
processes controlled by photosynthesis in terrestrial C3 plants. I propose that the 
observed higher thermal sensitivity of growth rates in microalgae may be because of the 
environmental and physiological differences between terrestrial and aquatic 
photosynthetic processes.
This study also found that there was no significant difference between the 
thermal sensitivity of the microalgal acclimatory (within-species) growth rate response 
and the evolutionary (across-species) response, thus this result does not support the 
evolutionary trade-off hypothesis (Clarke and Fraser 2004). Although the main focus of 
Chapter 5 was on the universality of the temperature component of the MTE another 
key finding was that in all analyses the allometric exponent was significantly different to 
the value of -0.25 predicted by the MTE. This supports the results of other studies 
(Banse 1982; Robinson et al. 1983; Sommer 1989; de Castro and Gaedke 2008) and 
suggests that microalgal specific growth rates may not conform to the quarter-power 
scaling relationship predicted by the MTE. I suggest that alternative life-history 
strategies, that are the result of adaptation to different light and nutrient regimes 
(Litchman et al. 2007), may complicate the relationship between cell size and growth 
rates in microalgae.
The most appropriate temperature function to model microalgal specific growth 
rates has been addressed both within- and across-species, and over that region of the 
response that excludes temperature extremes in addition to the response over the full
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thermal range. Over that region of the response that excludes temperature extremes the 
within-species relationship was well described by the linear function whereas the 
Arrhenius (1889) function was the most appropriate model of the across-species jumax 
relationship. This result suggests that there is little justification for continuing to use 
exponential functions, or the Qi0 relationship, when modelling the within-species 
microalgal thermal growth response. More specifically these results indicate that, whilst 
the Arrhenius function is a good statistical model of the microalgal across-species n max 
response, it is not the most appropriate model of the within-species growth response, as 
has been suggested by the proponents of the MTE (e.g., Gillooly et al. 2001; Gillooly et 
al. 2002; Gillooly et al. 2006). Over the full thermal range the within-species 
relationship was well described by a Gaussian function whereas the Sharpe-Schoolfield 
function was the most appropriate model of the across-species jumax relationship. This 
analysis also showed that using mathematically parsimonious functions (e.g., linear, 
exponential) may not be appropriate when applied to a data set that exhibits high- 
temperature inhibition (e.g., Chapter 2). However, as the aim in Chapter 2 was to 
facilitate a comparison of the slope and intercept of the Liverpool phytoplankton 
database (LPD) with the Eppley (1972) exponential model, the use of a parsimonious 
model was justified there.
This study has argued that using the activation energy (Ea) and enthalpy (AH) 
terms in the Arrhenius (1889) and Sharpe-Schoolfield models in comparative studies of 
different taxa, functional groups, or similar taxa in different environments will facilitate 
a better understanding of the evolutionary pressures associated with temperature 
adaptation in those groups, and may be preferred to comparisons of Q\q. Furthermore,
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as non-linear regression techniques obviate the transformational problems encountered 
when linearising relationships (Motulsky and Christopoulus 2004) and allow all the data 
to be used (Bulte and Blouin-Demers 2006), it may be better to use all the available data 
and model the response over the full thermal range whenever possible.
Directions fo r future study
1. There is a need to assess whether the finding that the specific growth response of 
Cryptomonas sp. was more sensitive to an increase in PFD than to daylength, 
whilst maintaining the same total DLD, is also applicable to other microalgal 
species. Microalgae from diverse latitudinal provenances, and thus adapted to 
different daylengths, may show very different responses to this type of 
manipulation. Such differences in growth rate responses to daylength and PFD 
would facilitate a better understanding of the possible life-history trade-offs 
involved in microalgal ecology.
2. The suitability of the Sharpe-Schoolfield model to describe across-species 
thermal rate responses needs to be assessed over a broad range of taxa and also 
similar taxa in different environments.
3. Investigations of maximum specific growth rates in response to a single limiting 
environmental variable are a useful approach in multi-species analyses as they 
facilitate a better understanding of the nature of the macrophysiological response 
in question (Cade et al. 1999; Kaiser et al. 1994). However, this type of 
approach may fail to address much of the detail below the maximum growth 
envelope, such as the importance of size, taxa, habitat, salinity, and possible
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interactions between these variables. Consequently, there is a need to investigate 
the relative importance of each of these other variables, in addition to 
temperature and light effects, on the microalgal specific growth rate response. 
One way of achieving this would be to use multiple regression. However, 
identifying meaningful ecological patterns from the data may be confounded 
because of the complex non-linear relationships and interactions between 
specific growth rates and these variables. Consequently, in addition to multiple 
regression an analytical method such as regression tree analysis (De'ath and 
Fabricius 2000), that is capable of handling a broad range of explanatory variable 
types and non-linear responses, would be an appropriate methodology to assess 
the importance of these variables.
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APPENDIX 1
Taxa and data sources used in the Liverpool phytoplankton database (n  represents number of 
data points).
___________________s o u rc e










Brand &Guillard (1981) 
Brand &Guillard (1981) 
Brand &Guillard (1981) 
Brand &Guillard (1981) 
Brand & Guillard (1981) 
Brand & Guillard (1981) 
Brand & Guillard (1981) 
Brand & Guillard (1981) 
Brand & Guillard (1981) 
Brand & Guillard (1981) 
Brand et al. (1981)
Curl &Mcleod (1961)
Davis et al. (1973)
Durbin (1974)
Eppley & Sloan (1966) 
Eppley & Sloan (1966) 
Eppley & Sloan (1966) 
Eppley & Sloan (1966) 
Eppley & Sloan (1966) 
Eppley & Sloan (1966) 




Gao et al. (2000)
Gilstad & Sakshaug (1990) 
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Hobson (1974)
Hulburt & Guilllard (1968) 
Krawiec (1982)
Kudo et al. (2000)
Langdon (1987)
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Morris & Glover (1974)
Morris & Glover (1974) 
Mortain-Bertrand et al. (1988) 
Paasche (1968)
Paasche (1968)
Parkhill et al. 2001 
Popovich & Gayoso (1999) 
Rivkin& Putt (1987)
Rivkin & Putt (1987)
Sakshaug & Andresen (1986) 
Sakshaug & Holm-Hansen (1977) 
Suzuki & Takahashi (1995)
Suzuki & Takahashi (1995)
Suzuki & Takahashi (1995)
Suzuki & Takahashi (1995)
Suzuki & Takahashi (1995)
Suzuki & Takahashi (1995) 
Thomas (1966)
Thomas & Dodson (1975)
Thomas & Dodson (1975) 
Thompson et al. ( 1992)
Thompson et al. (1992)
Thompson et al. (1992)
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Pyramimonas sp. Buma et al. (1993) 1 11
Asteromonas gracilis Eppley (1963) 27 1
Asteromonas sp. Eppley (1963) 27 1
Chlamydomonas sp. Eppley (1963) 27 1
Dunaliella primolecta Eppley (1963) 33.5 1
Dunaliella sp. Eppley (1963) 25 1
Dunaliella sp. Eppley (1963) 26 1
Dunaliella tertiolecta Eppley (1963) 33.5 1
Tetraselmis tetrathele Eppley (1963) 26 1
Dunaliella tertiolecta Eppley & Sloan ( 1966) 12.3-25 6
Tetraselmis chui Meseck et al. (2005) 18 12
Dunaliella tertiolecta Morris & Glover (1974) 12-24 3
Dunaliella salina Parsons et al. (1961) 18 1
Tetraselmis maculata Parsons et al. (1961) 18 1
Dunaliella tertiolecta Sosik & Mitchell (1994) 12-28 8
Nannochloris sp. Thomas (1966) 14.9-36 22
Dunaliella tertiolecta Thompson et al. (1992) 9.9-25.1 15
Micromonas pusilla Throndsen (1976) 7.8-24.8 8
Pyramimonas disornata Throndsen (1976) 14.8-28.6 3
Cryptophyta
Cryptomonas sp. Buma et al. (1993) 1 11
Chroomonas salina Hobson (1974) 10-25 12
Rhodomonas salina Montagnes & Franklin (2001) 9-16 9
Cryptomonas sp. Throndsen (1976) 15.1-25 3
Haptophyta
Emiliania huxleyi Brand & Guillard (1981) 24 8
Gephyrocapsa oceanica Brand & Guillard (1981) 24 8
Hymenomonas carterae Brand & Guillard (1981) 24 8
Coccolithus huxleyi Eppley & Sloan (1966) 21 1
Cricosphaera elongata Eppley & Sloan (1966) 21 1
Isochrysis sp. Hobson (1974) 10-25 12
Phaeocystis antárctica Hong et al. (1997) 4 3
Isochrysis galbana Montagnes & Franklin (2001) 13-25 12
Coccolithus huxleyi Paasche (1968) 3.2-28.5 43
Monochrysis lutheri Parsons et al. (1961) 18 1
Syracosphaera carterae Parsons et al. (1961) 18 1
Pavlova lutheri Sakshaug & Holm-Hansen (1977) 18 1
Isochrysis aff. galbana Thompson et al. ( 1992) 9.8-25 12
Pavlova lutheri Thompson et al. (1992) 10-24.9 14
Pavlova sp. Throndsen (1976) 8-24.8 4
Myzozoa
Heterocapsa triquetra Aelion & Chisholm (1985) 8-21.1 5
Ceratium candelabrum Brand & Guillard (1981) 24 2
Ceralium platycorne Brand & Guillard (1981) 24 6
Ceratium ranipes Brand & Guillard (1981) 24 3
Dissodinium lunula Brand & Guillard (1981) 24 6
Gonyaulax polyedra Brand & Guillard (1981) 24 4
Prorocentrum micans Brand & Guillard (1981) 24 8
Thoracosphaera heimii Brand & Guillard (1981) 24 8
Gymnodinium catenalum Bravo & Anderson (1994) 9.9-29 13
Peridinium trochoideum Eppley & Sloan (1966) 21 1
Alexandrium monilatum Juhl(2005) 20-31 3
Cochlodinium polykrikoides Kim et al. (2004) 12.5-25 4
Gonyaulax tamarensis Langdon (1987) 15 7
Gonyaulax tamarensis Langdon (1988) 5-20 6
Ceratium furca Meeson & Sweeney (1982) 10-20 24
Gonyaulax polyedra Meeson & Sweeney (1982) 10-20 22
Amphidinium carteri Parsons et al. (1961) 18 1
Exuviaella sp. Parsons et al. (1961) 18 1
Gymnodinium sp. Thomas (1966) 15.1-33.3 23
Gyrodinium estuariale Throndsen (1976) 7.8-28.6 4
Katodinium rotundatum Throndsen (1976) 7.9-25 4
Amphidinium carteri Throndsen (1976) 5-29 5
Ochrophyta
Olisthodiscus luteus Langdon(1987) 15 7
Olisthodiscus luteus Langdon (1988) 10-20 6
Apedinella spinifera Throndsen (1976) 10.1-25.1 4
Heteromastix pyriformis Throndsen (1976) 7.9-28.7 4
Ochromonas minima Throndsen (1976) 7.8-27.9 4
Olisthodiscus luteus Throndsen (1976) 5.1-20 4
Pseudopedinella pyriforme Throndsen (1976) 5-25.2 4
Cyanobacteria
Synechococcus bacillar is Brand & Guillard (1981) 24 8
Euglenozoa
Eutreptiella gymnastica Throndsen (1976) 5-29 6
Eutreptiella sp. Throndsen (1976) 8-20 3
APPENDIX 2
Taxa, specific growth rates (u, d '), daylengths (h), and data sources used in the analysis of the 
general microalgal growth response to daylength (n = 242). Specific growth rates marked * 
represent the mortality data not included in the initial model selection procedure.
species/strain source specific growth ratetod1)
p as aproportion of that at 24h
daylength(h)
Thalassiosira nordenskióldii Baars (1981) 0.370 0.440 6
Thalassiosira nordenskióldii Baars (1981) 0.640 0.762 10
Thalassiosira nordenskióldii Baars (1981) 0.750 0.893 14
Thalassiosira nordenskióldii Baars (1981) 0.730 0.869 18
Thalassiosira nordenskióldii Baars (1981) 0.840 1.000 24
Cryptomonas sp. Bissinger unpld. -0.803* -1.09 0
Cryptomonas sp. Bissinger unpld. -0.083* -0.112 0.5
Cryptomonas sp. Bissinger unpld. -0.118* -0.161 1
Cryptomonas sp. Bissinger unpld. 0.070 0.095 2
Cryptomonas sp. Bissinger unpld. 0.166 0.225 4
Cryptomonas sp. Bissinger unpld. 0.297 0.403 6
Cryptomonas sp. Bissinger unpld. 0.354 0.481 8
Cryptomonas sp. Bissinger unpld. 0.571 0.776 10
Cryptomonas sp. Bissinger unpld. 0.574 0.779 12
Cryptomonas sp. Bissinger unpld. 0.644 0.875 14
Cryptomonas sp. Bissinger unpld. 0.653 0.887 16
Cryptomonas sp. Bissinger unpld. 0.662 0.899 18
Cryptomonas sp. Bissinger unpld. 0.681 0.925 20
Cryptomonas sp. Bissinger unpld. 0.681 0.925 22
Cryptomonas sp. Bissinger unpld. 0.737 1.000 24
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.140 0.233 4
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.310 0.517 10
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.460 0.767 19
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.600 1.000 24
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.160 0.271 4
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.310 0.525 10
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.520 0.881 19
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.590 1.000 24
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.200 0.345 4
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.330 0.569 10
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.530 0.914 19
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.580 1.000 24
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.160 0.314 4
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.330 0.647 10
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.300 0.588 19
Thalassiosira antárctica var. 
borealis
Gilstad & Sakshaug (1990) 0.510 1.000 24
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.110 0.196 4
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.310 0.554 10
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.290 0.518 19
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.560 1.000 24
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.120 0.261 4
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.340 0.739 10
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.270 0.587 19
Thalassiosira nordenskióldii Gilstad & Sakshaug (1990) 0.460 1.000 24
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.130 0.260 4
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 0.310 0.620 10
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.390 0.780 19
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.500 1.000 24
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.200 0.345 4
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.300 0.517 10
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 0.440 0.759 19
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 0.580 1.000 24
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.130 0.250 4
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 0.330 0.635 10
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 0.430 0.827 19
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) 0.520 1.000 24
Porosira glacialis Gilstad & Sakshaug (1990) 0.050 0.125 4
Poros ir a glacialis Gilstad & Sakshaug ( 1990) 0.300 0.750 10
Porosira glacialis Gilstad & Sakshaug ( 1990) 0.250 0.625 19
Porosira glacialis Gilstad & Sakshaug (1990) 0.400 1.000 24
Porosira glacialis Gilstad & Sakshaug (1990) 0.130 0.342 4
Porosira glacialis Gilstad & Sakshaug ( 1990) 0.270 0.711 10
Porosira glacialis Gilstad & Sakshaug ( 1990) 0.190 0.500 19
Porosira glacialis Gilstad & Sakshaug (1990) 0.380 1.000 24
Porosira glacialis Gilstad & Sakshaug ( 1990) 0.150 0.429 4
Porosira glacialis Gilstad & Sakshaug (1990) 0.260 0.743 10
Porosira glacialis Gilstad & Sakshaug (1990) 0.250 0.714 19
Porosira glacialis Gilstad & Sakshaug (1990) 0.350 1.000 24
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.100 0.278 4
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.120 0.333 10
Nitzschia delicatissima Gilstad & Sakshaug ( 1990) 0.350 0.972 19
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.360 1.000 24
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.060 0.120 4
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.110 0.220 10
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.420 0.840 19
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.500 1.000 24
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.010 0.022 4
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.290 0.630 10
Nitzschia delicatissima Gilstad & Sakshaug ( 1990) 0.340 0.739 19
Nitzschia delicatissima Gilstad & Sakshaug ( 1990) 0.460 1.000 24
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.110 0.306 4
Nitzschia delicatissima Gilstad & Sakshaug ( 1990) 0.050 0.139 10
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.300 0.833 19
Nitzschia delicatissima Gilstad & Sakshaug (1990) 0.360 1.000 24
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.070 0.119 4
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.310 0.525 10
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.430 0.729 19
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.590 1.000 24
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.070 0.119 4
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.380 0.644 10
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.450 0.763 19
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.590 1.000 24
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.200 0.333 4
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.340 0.567 10
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.460 0.767 19
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.600 1.000 24
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.000 0.000 4
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.320 0.696 10
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.300 0.652 19
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.460 1.000 24
Thalassiosira bulbosa Gilstad & Sakshaug ( 1990) 0.120 0.222 4
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.320 0.593 10
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.440 0.815 19
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 0.540 1.000 24
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.000 0.000 4
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.160 0.381 10
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.290 0.690 19
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.420 1.000 24
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.000 0.000 4
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.150 0.375 10
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.330 0.825 19
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.400 1.000 24
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.120 0.279 4
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) 0.230 0.535 10
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.300 0.698 19
Thalassiosira bioculata Gilstad & Sakshaug (1990) 0.430 1.000 24
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.150 0.357 4
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.370 0.881 10
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.280 0.667 19
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.420 1.000 24
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.160 0.372 4
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.370 0.860 10
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.330 0.767 19
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 0.430 1.000 24
Nitzschia vanhoeffenii Gilstad & Sakshaug ( 1990) 0.130 0.255 4
Nitzschia vanhoeffenii Gilstad & Sakshaug (1990) 0.340 0.667 10
Nitzschia vanhoeffenii Gilstad & Sakshaug (1990) 0.420 0.824 19
Nitzschia vanhoeffenii Gilstad & Sakshaug (1990) 0.510 1.000 24
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.100 0.182 4
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.340 0.618 10
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.440 0.800 19
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.550 1.000 24
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.030 0.055 4
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.310 0.564 10
Nitzschia grunowii Gilstad & Sakshaug ( 1990) 0.430 0.782 19
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.550 1.000 24
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.160 0.286 4
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.330 0.589 10
Nitzschia grunowii Gilstad & Sakshaug ( 1990) 0.450 0.804 19
Nitzschia grunowii Gilstad & Sakshaug (1990) 0.560 1.000 24
Tetraselmis chui Meseck et al. (2005) 0.094 0.273 8
Tetraselmis chui Meseck et al. (2005) 0.213 0.619 13
Tetraselmis chui Meseck et al. (2005) 0.231 0.669 19
Tetraselmis chui Meseck et al. (2005) 0.345 1.000 24
Tetraselmis chui Meseck et al. (2005) 0.138 0.311 8
Tetraselmis chui Meseck et al. (2005) 0.244 0.552 13
Tetraselmis chui Meseck et al. (2005) 0.315 0.713 19
Tetraselmis chui Meseck et al. (2005) 0.442 1.000 24
Tetraselmis chui Meseck et al. (2005) 0.217 0.440 8
Tetraselmis chui Meseck et al. (2005) 0.410 0.832 13
Tetraselmis chui Meseck et al. (2005) 0.491 0.996 19
Tetraselmis chui Meseck et al. (2005) 0.493 1.000 24
Coccolithus huxleyi Paasche (1968) 0.074 0.187 6
Coccolithus huxleyi Paasche (1968) 0.173 0.435 10
Coccolithus huxleyi Paasche (1968) 0.331 0.830 16
Coccolithus huxleyi Paasche (1968) 0.398 1.000 24
Coccolithus huxleyi Paasche (1968) 0.213 0.270 6
Coccolithus huxleyi Paasche (1968) 0.466 0.590 10
Coccolithus huxleyi Paasche (1968) 0.691 0.875 16
Coccolithus huxleyi Paasche (1968) 0.790 1.000 24
Coccolithus huxleyi Paasche (1968) 0.552 0.448 6
Coccolithus huxleyi Paasche (1968) 0.921 0.748 10
Coccolithus huxleyi Paasche (1968) 1.227 0.997 16
Coccolithus huxleyi Paasche (1968) 1.232 1.000 24
Coccolithus huxleyi Paasche (1968) 0.208 0.310 6
Coccolithus huxleyi Paasche (1968) 0.414 0.619 10
Coccolithus huxleyi Paasche (1968) 0.610 0.911 16
Coccolithus huxleyi Paasche (1968) 0.670 1.000 24
Coccolithus huxleyi Paasche (1968) 0.389 0.390 6
Coccolithus huxleyi Paasche (1968) 0.682 0.684 10
Coccolithus huxleyi Paasche (1968) 0.970 0.973 16
Coccolithus huxleyi Paasche (1968) 0.997 1.000 24
Coccolithus huxleyi Paasche (1968) 0.540 0.441 6
Coccolithus huxleyi Paasche (1968) 0.909 0.743 10
Coccolithus huxleyi Paasche (1968) 1.214 0.991 16
Coccolithus huxleyi Paasche (1968) 1.225 1.000 24
Coccolithus huxleyi Paasche (1968) 0.588 0.448 6
Coccolithus huxleyi Paasche (1968) 0.860 0.656 10
Coccolithus huxleyi Paasche (1968) 1.104 0.842 16
Coccolithus huxleyi Paasche (1968) 1.311 1.000 24
Nitzschia turgidula Paasche (1968) 0.095 0.196 6
Nitzschia turgidula Paasche (1968) 0.264 0.545 10
Nitzschia turgidula Paasche (1968) 0.396 0.818 16
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Taxa, daylength, photon flux density (PFD), and sources of data used in the meta-analysis of 
microalgal f i max as a function of PFD and daylength (« = 2178). (n represents the number of data 
points used).
species/strain source daylength (h) PFD (umol photons m'2 s1) nmarinepelagic
Actinocyclus octonarius Baars (1981) 6-14 18.6-46.5 4
Actinoptychus senarius Baars (1981) 6-14 15.5-133 6
Amphidinium carteri Parsons et al. (1961) 24 128 1
Amphiprora sp. Gilstad & Sakshaug ( 1990) 4-24 3-200 19
Asterionella glacialis Baars (1981) 14 36 1
Asterionella glacialis Brand & Guillard (1981) 14-24 45.2-110.4 4
Asterionella Icariana Baars (1981) 6-14 18.6-46.5 3
Bacteriastrum delicatulum Brand & Guillard (1981) 14-24 48.4-117.1 4
Bellerochea malleus Baars (1981) 14 36 1
Biddulphia aurita Baars (1981) 6-18 3.06-133 27
Biddulphia regia Baars (1981) 6-14 18.646.5 6
Biddulphia sinensis Baars (1981) 6-14 18.646.5 4
Biddulphia sp. Brand & Guillard (1981) 14-24 43.0-100.0 3
Cerataulina bergonii Baars (1981) 12 21 1
Ceratium candelabrum Brand & Guillard (1981) 14 41.9-100.4 2
Ceratium Jurea Meeson & Sweeney (1982) 12 4.9-191.0 22
Ceratium platycorne Brand & Guillard (1981) 14-24 39.6-109.7 4
Ceratium ranipes Brand & Guillard (1981) 14-24 106.9 2
Chaetoceros calcitrans Thompson et al. (1992) 24 220 16
Chaetoceros curvisetum Fumas (1978) 12 73.6-83.2 3
Chaetoceros debilis Baars (1981) 6-14 1246.5 5
Chaetoceros decipiens Baars (1981) 18-24 26-133 3
Chaetoceros densus Baars (1981) 18 26 1
Chaetoceros diadema Baars (1981) 14-24 26-133 8
Chaetoceros didymus Baars (1981) 9-14 36-53 3
Chaetoceros furcellatus Gilstad & Sakshaug (1990) 4-24 3-200 19
Chaetoceros gracilis Thomas & Dodson (1975) 24 156 1
Chaetoceros gracilis Thompson et al. (1992) 24 220 16
Chaetoceros pseudocurvisetum Suzuki & Takahashi (1995) 24 200-211.4 5
Chaetoceros simplex Thompson et al. (1992) 24 220 13
Chaetoceros simplex var. Montagnes & Franklin (2001) 14 50 12
calcitrans
Chaetoceros sp. Suzuki & Takahashi (1995) 24 50.1-201.5 10
Chaetoceros sp. Thomas ( 1966) 24 168-203 9
Chaetoceros teres Baars (1981) 14-18 3.06-146 11
Chaetoceros tortissimus Baars (1981) 14 36 1
Coccolithus huxleyi Eppley & Sloan (1966) 24 224 1
Coccolithus huxleyi Paasche (1968) 6-24 17.9-224 31
Cochlodinium polykrikoides Kim et al. (2004) 12 130 4
Corethron criophilum Brand & Guillard (1981) 14-24 51.0-113.6 4
Coscinodiscus asteromphalus Eppley & Sloan (1966) 24 224 1
Coscinodiscus centralis Baars (1981) 14 4.65-146 6
Coscinodiscus concinnus Baars (1981) 6-24 3.06-133 28
Coscinodiscus granii Baars (1981) 6-18 18.6-133.0 6
Coscinodiscus jonesianus var. Baars (1981) 6-14 18.646.5 3
commutata
Coscinodiscus pavillardii Baars (1981) 9-14 3646.5 2
Coscinodiscus radiatus Baars (1981) 6-14 15.546.5 5
Coscinodiscus sp. Montagnes & Franklin (2001) 14 50 9
Coscinodiscus sp. Brand & Guillard (1981) 14-24 42.8-108.8 4
Coscinodiscus wailesii Eppley & Sloan ( 1966) 24 224 1
Cricosphaera elongata Eppley & Sloan ( 1966) 24 224 1
Cryptomonas sp. Buma et al. (1993) 12-24 4-50 10
Cyclotella cryptica Montagnes & Franklin (2001) 14 50 15
Cyclotella nana Guillard & Myklestad (1970) 14 60 1
Cyclotella nana Eppley & Sloan (1966) 24 224 1
Cyclotella nana Guillard & Ryther (1962) 24 58.5 15
Detonula confervacea Guillard & Ryther (1962) 24 143 3
Detonula confervacea Suzuki & Takahashi (1995) 24 3.97-208.5 27
Dissodinium lunula Brand & Guillard (1981) 14-24 39.6-110.3 4
Ditylum brightwellii Brand & Guillard (1981) 14-24 39.6-108.0 4
Ditylum brightwellii Baars (1981) 6-14 18.6-53 9
Ditylum brightwellii Montagnes & Franklin (2001) 14 50 15
Ditylum brightwellii Paasche (1968) 6-24 13-114.1 12
Ditylum brightwellii Eppley & Sloan (1966) 24 224 1
Dunaliella salina Parsons et al. (1961) 24 128 1
Dunaliella tertiolecta Eppley & Sloan ( 1966) 24 224 6
Dunaliella tertiolecta Sosik & Mitchell (1994) 24 165 8
Dunaliella tertiolecta Thompson et al. (1992) 24 220 15
Emiliania huxleyi Brand & Guillard (1981) 14-24 46.6-108.8 4
Eucampia zoodiacus Baars (1981) 14-18 26-36 2
Exuviaella sp. Parsons et al. (1961) 24 128 1
Gephyrocapsa oceanica Brand & Guillard (1981) 14-24 44.0-112.1 4
Gonyaulax polyedra Meeson & Sweeney (1982) 12 11.1-191.1 19
Gonyaulax tamarensis Langdon (1987) 14 32-199 4
Guinardia flaccida Baars (1981) 6-14 26-46.5 5
Gymnodinium sp. Thomas (1966) 24 165-224 12
Hemiaulus hauckii Brand & Guillard (1981) 14-24 39.5-108.5 4
Heterocapsa triquetra Aelion & Chisholm (1985) 14 100 5
Hymenomonas carterae Brand & Guillard (1981 ) 14-24 41.9-112.5 4
Isochrysis aff. galbana Thompson et al. (1992) 24 220 12
Isochrysis galbana Montagnes & Franklin (2001) 14 50 12
Koliella antárctica Vona et al. (2004) 24 130 3
Lauderia annulata Baars (1981) 6-18 18.6-99.7 8
Leptocylindrus danicus Verity (1982) 9-15 4.9-120.4 49
Leptocylindrus danicus Baars (1981) 14 36 1
Leptocylindrus sp. Thomas & Dodson (1975) 24 156 1
Lithodesmium undulatum Baars (1981) 14 36 1
Melosira moniliformis Baars (1981) 10-14 36-53 2
Melosira nummuloides Baars (1981) 14 26 2
Monochrysis lutheri Parsons et al. (1961) 24 128 1
Nannochloris sp. Thomas ( 1966) 24 154-203 11
Nitzschia americana Miller & Kamykowski (1986) 12 140 3
Nitzschia delicatissima Gilstad & Sakshaug ( 1990) 4-24 3-200 19
Nitzschia frigida Suzuki & Takahashi (1995) 24 7.2-207.2 9
Nitzschia grunowii Gilstad & Sakshaug ( 1990) 4-24 3-200 19
Nitzschia turgidula Paasche (1968) 6-24 16-112 12
Nitzschia vanhoeffenii Gilstad & Sakshaug ( 1990) 4-24 3-200 20
Olisthodiscus luteus Langdon(1987) 14 16-195 6
Pavlova lutheri Thompson et al. (1992) 24 220 14
Peridinium trochoideum Eppley & Sloan (1966) 24 224 1
Phaeocystis antárctica Hong et al. (1997) 12 15-100 3
Phaeodactylum tricornutum Montagnes & Franklin (2001) 14 50 15
Phaeodactylum tricornutum Kudo et al. (2000) 24 85 2
Phaeodactylum tricornutum Fawley (1984) 14 7-208 30
Phaeodactylum tricornutum Thompson et al. (1992) 24 220 13
Poros ir a glacial is Gilstad & Sakshaug (1990) 4-24 3-200 18
Prorocentrum micans Brand & Guillard (1981) 14-24 46.1-115.3 4
Pyramimonas sp. Buma et al. (1993) 12-24 4-50 10
Rhizosolenia alata f. indica Baars (1981) 6-14 15.5-46.5 4
Rhizosolenia imbricata Baars (1981) 6-9 18.6-46.5 2
Rhizosolenia robusta Baars (1981) 6-14 15.5-46.5 6
Rhizosolenia setigera Baars (1981) 6-14 18.6-46.5 8
Rhizosolenia stolterfothii Baars (1981) 6-14 15.5-46.5 5
Rhodomonas salina Montagnes & Franklin (2001) 14 50 9
Skeletonema costatum Montagnes & Franklin (2001) 14 50 12
Skeletonema costatum Gao et al. (2000) 12 150 3
Skeletonema costatum Langdon(1987) 14 5-195 8
Skeletonema costatum Suzuki & Takahashi (1995) 24 50.5-203.6 20
Skeletonema costatum Yoder (1979) 9-15 11-60 11
Skeletonema costatum Sakshaug & Andresen (1986) 4-24 12-100 24
Skeletonema costatum Gallagher ( 1982) 14 180 3
Skeletonema costatum Mortain-Bertrand et al. (1988) 24 40-120 3
Skeletonema costatum Eppley & Sloan (1966) 24 224 1
Skeletonema costatum Baars (1981) 6-14 18.6-36 3
Stephanopyxis palmeriana Baars (1981) 6-14 15.5-46.5 6
Streptotheca tamesis Brand & Guillard (1981) 14 43.0-106.0 2
Synechococcus bacillaris Brand & Guillard (1981) 14-24 43.0-112.0 4
Synedra tabulata Baars (1981) 9-14 36-46.5 2
Syracosphaera carterae Parsons et al. (1961) 24 128 1
Tetraselmis chui Meseck et al. (2005) 8-24 73-220 12
Telraselmis maculata Parsons et al. (1961) 24 128 1
Thalassiosira antárctica var. Gilstad & Sakshaug ( 1990) 4-24 3-200 17
borea lis
Thalassiosira bioculata Gilstad & Sakshaug (1990) 4-24 3-200 15
Thalassiosira bulbosa Gilstad & Sakshaug (1990) 4-24 3-200 19
Thalassiosira curviseriata Popovich & Gayoso ( 1999) 12 5.0-100.0 19
Thalassiosira decipiens Baars (1981) 6-24 26.0-61.0 12
Thalassiosira eccentrica Baars (1981) 6-18 4.7-146.0 21
Thalassiosira fluviatilis Eppley & Sloan ( 1966) 24 138 1
Thalassiosira hendeyi Baars (1981) 6-14 18.6-99.7 7
Thalassiosira levanderi Baars (1981) 6-18 26-36 6
Thalassiosira nordenskiòldii Suzuki & Takahashi (1995) 24 13.7-208.0 17
Thalassiosira nordenskiòldii Gilstad & Sakshaug ( 1990) 4-24 3-200 18
Thalassiosira nordenskiòldii Baars (1981) 6-24 12.0-133.0 35
Thalassiosira nordenskiòldii Durbin (1974) 9-15 35.2-211.2 36
Thalassiosira polychorda Baars (1981) 14 3.1-93.0 7
Thalassiosira pseudonana Thompson et al. (1992) 24 220 15
Thalassiosira pseudonana Brand & Guillard (1981) 14-24 42.5-108.2 4
Thalassiosira pseudonana Parkhill et al. (2001) 12 9.0-200.0 7
Thalassiosira rotula Krawiec (1982) 12 18.7-217.3 15
Thalassiosira rotula Baars (1981) 6-24 22.4-133.0 37
Thalassiosira rotula Eppley & Sloan (1966) 24 224 1
Thalassiosira sp. Brand & Guillard (1981) 14-24 51.0 2
Thoracosphaera heimii Brand & Guillard (1981) 14-24 42.2-106.9 4
Triceratium alternans Baars (1981) 14 36.0 1benthic
Achnanthes longipes Lewis et al. (2002) 12 65 6
Achnanthes sp. Waring unpld. 14 87 20
Amphiprora sp. Admiraal (1977) 16 85 6
Bacillaria paxillifer Baars (1981) 14 15.5-36.0 3
Cylindrotheca closterium Mühlig-Hofmann unpld. 14 139 38
Cylindrotheca closterium Waring unpld. 14 87 17
Navícula arenaria Admiraal (1977) 16 85 6
Navícula comoides Baars (1981) 9-14 36.0-46.5 4
Nitzschia ovalìs Saks(1982) 16 60 7
Nitzschia seriata Smith et al. (1994) 24 25 8
Nitzschia sigma Admiraal (1977) 16 85 6
Nitzschia sp. Admiraal (1977) 16 85 6
Plagiotropis sp. Mühlig-Hofmann unpld. 14 139 47brackish/estuarinepelagic
Agmenellum quadruplicatum Parsons et al. (1961) 24 128 1
Alexandrium ostenfeldii Jensen & Moestrup (1997) 16 45 6
Chaetoceros sp. Renaud et al. (2002) 12 80 2
Chaetoceros sp. Parsons et al. ( 1961 ) 24 128 1
Chaetoceros sp. Lomas & Gilbert (1999) 14 180 3
Chlorella sorokiniana Vona et al. (2004) 24 130 2
Coscinodiscus sp. Parsons et al. (1961) 24 128 1
Cryptomonas sp. Renaud et al. (2002) 12 80 2
Detonala confervacea Smayda (1969) 24 28-168 9
Gonyaulax tamarensis Watras et al. (1982) 14 170 25
Gyrodinium uncatenum Lomas & Gilbert (1999) 14 180 2
Isochrysis sp. Renaud et al. (2002) 12 80 2
Phaeodactylum tricornutum Parsons et al. ( 1961 ) 24 128 1
Prorocentrum minimum Lomas & Gilbert (1999) 14 180 3
Pseudo-nitzschia Lundholm et al. (1997) 16 55 6
pseudodelicatissima
Rhizosolenia fragilissima Ignatiades & Smayda (1970) 24 28-168 12
Rhodomonas sp. Renaud et al. (2002) 12 80 2
Skeletonema costatum Parsons et al. (1961) 24 128 1
Thalassiosira weissflogii Lomas & Gilbert ( 1999) 14 180 2freshwaterpelagic
Asterionella formosa Suzuki & Takahashi (1995) 24 102.1-204.9 15
Asterionella formosa Butterwick et al. (2005) 24 100 8
Asterococcus superbus Schlesinger et al. ( 1981 ) 24 9.2-55.2 8
Aulacoseira granulata var. Coles & Jones (2000) 16 40 3
angustissima
Aulacoseira subar etica Foy & Gibson (1993) 3-18 7.8-173.2 20
Ceratium fiurcoides Butterwick et al. (2005) 24 100 5
Chlamydomonas globosa Seaburg et al. (1981) 24 75 7
Chlamydomonas intermedia Seaburg et al. (1981) 24 75 8
Chlamydomonas subcaudata Seaburg et al. (1981) 24 75 8
Chlorella vulgaris Schlesinger et al. ( 1981 ) 24 9.2-55.2 8
Chlorella vulgaris Dauta et al. ( 1990) 15 4.5-217.9 28
Chloromonas alpina Seaburg et al. (1981) 24 75 8
Coelaslrum microporum f. Bouterfas et al. (2002) 15 225 2
astroidea
Coelaslrum microporum Schlesinger et al. ( 1981 ) 24 9.2-55.2 8
Cosmarium subprotumidium Bouterfas et al. (2002) 15 60 1
Cryptomonas erosa Morgan & Kalff (1979) 24 3.2-128 4
Cryptomonas marssonii Butterwick et al. (2005) 24 100 8
Cryptomonas ovata var. palustris Cloem (1977) 15 13.1-153.1 14
Cryptomonas sp. Bissinger (present study) 2-24 0.5-70 30
Cryptomonas sp. Bissinger unpld. 24 9-138 57
Dinobryon divergens Butterwick et al. (2005) 24 100 8
Fragilaria crotonensis Dauta et al. ( 1990) 15 10.8-214.2 32
Limnothrix redekei Nicklisch (1998) 4-12 56.3-183.0 4
Merismopedia tenuissima Coles & Jones (2000) 16 40 3
Microcystis aeruginosa Coles & Jones (2000) 16 40 3
Oscillatoria agardhii Foy(1983) 3 6.6-190.3 19
Oscillatoria redekei Foy(1983) 3 6.5-200.0 21
Oscillatoria redekei Gibson & Foy (1983) 3-24 0.7-62.5 48
Oscillatoria sp. Coles & Jones (2000) 16 40 3
Planktothrix agardhii Nicklisch (1998) 4-24 61-160 3
Planktothrix agardhii Nicklisch & Fietz (2001) 12 3.7-163.3 22
Scenedesmus acuminatus Nicklisch (1998) 4-24 69.7-182.0 3
Scenedesmus armatus Nicklisch (1998) 4-24 67.7-181.0 3
Selenastrum minutum Bouterfas et al. (2002) 15 125-225 3
Staurastrum cingulum Butterwick et al. (2005) 24 100 8
Staurastrum pingue Dauta et al. ( 1990) 15 11.4-210.9 31
Stephanodiscus astraea Foy & Gibson (1993) 3 15.3-156.8 14
Stephanodiscus hantzschii Foy & Gibson (1993) 3 15.8-155.6 15
Stephanodiscus hantzschii Suzuki & Takahashi (1995) 14 106.5-210.3 8
Stephanodiscus minutulus Nicklisch (1998) 4-24 53.2-202.0 4
Stephanodiscus neoastraea Nicklisch & Fietz (2001) 12 3.7-129.4 18
Synechocystis minima Dauta et al. ( 1990) 15 11.2-220.1 23
Synedra acus Nicklisch (1998) 4-24 60.7-203.0
Tetraedron bitridens Schlesinger et al. ( 1981 ) 24 9.2-55.2 8
Tribonema. Sp. Butterwick et al. (2005) 24 100 8
Tychonema bourrellyi Butterwick et al. (2005) 24 100 6freshwaterbenthic
Schizothrix caldcóla Tang & Vincent (2000) 8-24 225 15
APPENDIX 4 Taxa and data sources used in analyses of the temperature dependency of 
microalgal /.i max
4A) Taxa and data sources used in the within-species microalgal f i max analysis and the across-species 
analysis of microalgal jumax using quantile regression. Taxa: 1 = Bacillariophyta, 2 = Chlorophyta, 3 
= Cryptophyta, 4 = Haptophyta, 5 = Myzozoa, 6 = Cyanobacteria, 7 = Charophyta.
pecies/strain source datapoints taxa temp (°C) specific growth rate (u, d'1) activationenergy(eV)
Heterocapsa
triquetra
Aelion & Chisholm 
(1985)
5 5 8.0-21.1 0.300-0.625 0.3572
Cryptomonas sp. Bissinger unpld. 9 3 7.9-21.2 0.054-0.546 0.5359
Thalassiosira
pseudonana
Brandetal. (1981) 4 1 11.9-23.8 1.132-3.206 0.4725
Asterionella
formosa
Butterwick et al. 
(2005)
6 1 2.0-17.0 0.277-0.998 0.4674
Staurastrum
cingulum
Butterwick et al. 
(2005)
9 7 2.0-30.0 0.055-0.402 0.3821
Cryptomonas
marssonii
Butterwick et al. 
(2005)




Coles & Jones (2000) 3 1 20.0-30.0 0.715-0.870 0.1515
Microcystis
aeruginosa
Coles & Jones (2000) 3 6 15.0-25.0 0.174-0.910 0.4752
Dunaliella 
tertiolecta
Eppley & Sloan (1966) 6 2 12.3-25.0 0.444-1.608 0.5781
Aulacoseira
subarctica
Foy & Gibson (1993) 3 1 3.9-12.1 0.048-0.130 0.4536
Stephanodiscus
astraea
Foy & Gibson (1993) 4 1 4.0-16.0 0.125-0.331 0.4617
Cyclotella nana Guillard & Ryther 
(1962)
4 1 4.0-19.7 0.374-1.792 0.4612
Phaeodactylum
tricornutum
Li & Morris (1982) 5 1 4.8-19.1 0.275-1.178 0.6913
Ditylum
brightwellii
Montagnes & Franklin 
(2001)
3 1 9.0-16.0 0.409-0.693 0.4580
Cyclotella cryptica Montagnes & Franklin 
(2001)
5 1 10.0-25.0 0.447-0.775 0.2288
Isochrysis galbana Montagnes & Franklin 
(2001)
3 4 16.0-25.0 0.677-0.719 0.0495
Plagiotropis sp. Miihlig-Hofmann
unpld.
5 1 5.5-19.5 0.416-2.603 0.8451
Gymnodinium
galatheanum
Nielsen (1996) 4 5 7.0-20.0 0.170-0.570 0.4664
Coccolithus huxlevi Paasche ( 1967) 3 4 3.3-16.5 0.398-1.232 0.4634
Merismopedia
tenuissima
Coles & Jones (2000) 3 6 20.0-30.0 0.589-0.686 0.1179
Thalassiosira
nordenskiöldii
Suzuki & Takahashi 
(1995)
5 1 0.1-14.9 0.548-0.921 0.2330
Detonula
confervaceae
Suzuki & Takahashi 
(1995)
4 1 0.0-10.3 0.579-0.874 0.2647
Stephanodiscus
hantzschii
Suzuki & Takahashi 
(1995)
4 1 10.0-25.0 0.478-1.344 0.5815
Skeletonema
costatum
Suzuki & Takahashi 
(1995)
4 1 5.1-19.7 0.209-1.296 0.4647
Chaetoceros
gracilis
Thompson et al. 
(1992)
4 1 10.1-20.6 0.518-1.602 0.4671
Isochrysis off. 
galbana
Thompson et al. 
(1992)
5 4 9.9-24.9 0.414-1.760 0.5187
Eutreptiella
gymnastica
Throndsen (1976) 3 9 5.0-14.9 0.651-1.529 0.4522
Cylindrotheca
closterium
Waring unpld. 6 1 7.0-20.0 0.102-1.356 0.8657
Achnanthes sp. Waring unpld. 6 1 7.0-20.0 0.276-0.939 0.4639
Gonyaulax
tamarensis
Watras et al. (1982) 6 5 8.5-20.0 0.187-0.444 0.4258
4B) Taxa and data sources used in the analyses of: the within-species thermal sensitivity of diatom 
/ t max; the across-species thermal sensitivity of diatom / i max using quantile regression; and the across- 
species thermal sensitivity of diatom n max using peak growth at Topl.
species/strain source datapoints temp (°C) specific growth rate (ji, d1) activation energy(eV)
Plagiotropis sp. Miihlig-Hofmann unpld. 5 5.5-19.5 0.416-2.603 0.8451
Cylindrotheca Waring unpld. 6 7.0-20.0 0.102-1.356 0.8657
closterium 
Achnanthes sp. Waring unpld. 6 7.0-20.0 0.276-0.939 0.4639




Suzuki & Takahashi 4 0.0-10.3 0.579-0.874 0.2647
Stephanodiscus
(1995)




Suzuki & Takahashi 4 5.1-19.7 0.209-1.296 0.4647
Phaeodactylum
(1995)
Li & Morris (1982) 5 4.8-19.1 0.275-1.178 0.6913
tricornutum 
Asterionella formosa Butterwick et al. (2005) 6 2.0-17.0 0.277-0.998 0.4674
Aulacoseira subar etica Foy & Gibson (1993) 3 3.9-12.1 0.048-0.130 0.4536
Stephanodiscus astraea Foy & Gibson (1993) 4 4.0-16.0 0.125-0.331 0.4617
4C) Taxa and data sources used in the across-species thermal sensitivity of microalgal f i max using 
peak growth at Topt analysis. Taxa: 1 = Bacillariophyta, 2 = Chlorophyta, 3 = Cryptophyta, 4 = 
Haptophyta, 5 = Myzozoa, 6 = Cyanobacteria, 7 = Charophyta, 8 = Euglenozoa.
species/strain source data points Topt temp(°C) specific growth rate at Topt Oi.d'1)
taxa
Cryptomonas. sp Bissinger unpld. 12 21 0.759 3
Asterionella formosa Butterwick et al. (2005) 9 17 1.109 1
Cryptomonas marssonii Butterwick et al. (2005) 9 11 0.561 3
Staurastrum cingulum Butterwick et al. (2005) 10 30 0.658 7
Aulacoseira subarctica Foy & Gibson (1993) 6 15.9 0.149 1
Stephanodiscus astraea Foy & Gibson (1993) 6 16 0.331 1
Phaeodactylum
tricornutum
Li & Morris (1982) 7 19.1 1.178 1
Plagiotropis sp. Mühlig-Hofmann unpld. 6 19.5 2.603 1
Coccolithus huxleyi Paasche (1967) 6 19.7 1.158 4
Thalassiosira
nordenskiöldii
Suzuki & Takahashi (1995) 7 14.9 0.921 1
Skeletonema costatum Suzuki & Takahashi(1995) 8 25.1 1.480 1
Stephanodiscus hantzschii Suzuki & Takahashi (1995) 7 24.9 1.344 1
Detonula confervaceae Suzuki & Takahashi (1995) 6 10.3 0.874 1
Eutreptiella gymnastica Throndsen (1976) 6 20 1.616 8
Cylindrotheca closterium Waring unpld. 7 20 1.356 1
Achnanthes sp. Waring unpld. 7 20 0.939 1
APPENDIX 5 Taxa and data sources used in the microalgal growth rate thermal response 
analyses.
5A) Taxa and data sources used in the within-species microalgal growth rate thermal response 
analyses.
species /strain source most-likely model data points most-likely model data pointswith no temperature with no with temperature withinhibition temperature inhibition temperatureinhibition inhibition
Amphiprora sp. Admiraal (1977) Sharpe-Schoolfield 6 Flinn 7
Navicula arenaria Admiraal (1977) Gaussian 6
Nitzschia sigma Admiraal (1977) exponential 6
Nitzschia sp. Admiraal (1977) Sharpe-Schoolfield 5
Heterocapsa triquetra Aelion & Chisholm 
(1985)
power 5
Cryplomonas sp. Bissinger unpld. exponential 8 Flinn 13
Cryptomonas sp. Bissinger unpld. exponential/
Sharpe-Schoolfield
9 modified Gaussian 14
Cryplomonas sp. Montagnes et al. 
(2008)
power 8 Flinn 15
Cryplomonas sp. Bissinger unpld. linear 8 modified Gaussian 12
Cosmarium Bouterfas et al. linear 5
subprotumidium (2002)
Selenastrum minutum Bouterfas et al. 
(2002)
linear 5
Gymnodinium Bravo & Anderson modified Gaussian 13
catenatum (1994)
Asterionella formosa Butterwick et al. exponential/ 5 Hinshelwood 9
(2005) Sharpe-Schoolfield
Ceralium furcoides Butterwick et al. 
(2005)
linear 5 Gaussian 7
Cryptomonas Butterwick et al. quadratic 9
marssonii (2005)
Dinobryon divergens Butterwick et al. 
(2005)
linear 5 quadratic 9
Staurastrum cingulum Butterwick et al. 
(2005)
Sharpe-Schoolfield 5 Hinshelwood 10
Tribonema Sp. Butterwick et al. 
(2005)
power 5 quadratic 9
Tychonema bourrellyi Butterwick et al. 
(2005)
Gaussian 6
Dunaliella lerliolecla Eppley & Sloan 
(1966)
linear 6
Haemalococcus Fan et al. (1994) quadratic 6
pluvialis




Fawley (1984) Flinn 6
Phaeodactylum
Iricornutum
Fawley (1984) quadratic 6
Phaeodactylum Fawley (1984) quadratic 6
tricornutum 
Aulacoseira subarctica Foy & Gibson (1993) Gaussian 6
Slephanodiscus Foy & Gibson (1993) Flinn 6
astraea
Stephanodiscus Foy & Gibson (1993) Gaussian/ 6
hanlzschii quadratic
Skeletonema tropicum Hulburt & Guillard 
(1968)
linear 6 quadratic 7
Skeletonema tropicum Hulburt & Guilllard 
(1968)
quadratic 6
Skeletonema costatum Langdon (1988) linear 5
Achnanthes longipes Lewis et al. (2002) quadratic 7
Phaeodactylum Li & Morris (1982) Sharpe-Schoolfield 5 Gaussian 7
tricornutum
Pseudo-nitzschia Lundholm et al. power 6
pseudodelicatissima (1997)
Cyclotella cryptica Montagnes & 
Franklin (2001)
power 5
Amphidinium klebsii Morton et al. (1992) linear 6 Gaussian 11





Gambierdiscus toxicus Morton et al. (1992) linear 6 Gaussian 9
Ostreopsis heptágono Morton et al. (1992) linear 5 Gaussian 8
Ostreopsis siamensis Morton et al. (1992) linear 5 Gaussian 9




Prorocentrum lima Morton et al. (1992) Gaussian 9
Prorocentrum Morton et al. (1992) Gaussian 8
mexicanum
Cylindrotheca Mühlig-Hofmann exponential 5
closterium unpld.
Plagiotropis sp. Miihlig - Hofmann 
unpld.
power 5 Flinn 6
Coccolithus huxleyi Paasche (1967) Flinn 6
Coccolithus huxleyi Paasche (1967) Gaussian 6
Coccolithus huxleyi Paasche (1967) Gaussian 6
Nitzschia ovalis Saks(1982) linear 7 Gaussian 12
Ch lamydomonas 
globosa
Seaburg et al. (1981) exponential 6 quadratic 8
Ch lamydomonas 
intermedia
Seaburg et al. ( 1981 ) Arrhenius 7 Schoolfield 9
Chlamydomonas
subcaudata
Seaburg et al. (1981) linear 6 Schoolfield 9
Chloromonas alpina Seaburg et al. ( 1981 ) Sharpe-Schoolfield/
Arrhenius/
6 Schoolfield 9
Nitzschia seriata Smith et al. (1994) Flinn 8
Asterionella formosa Suzuki & Takahashi 
(1995)
quadratic 7
Detonula confervaceae Suzuki &Takahashi 
(1995)
quadratic 6
Skeletonema costatum Suzuki & Takahashi 
(1995)
linear 6 Gaussian 8
Stephanodiscus Suzuki & Takahashi linear 5 quadratic 7
hantzschii (1995)
Thalassiosira Suzuki & Takahashi quadratic 7
nordenskiöldii (1995)
Chaetoceros sp. Thomas ( 1966) linear 6
Chaetoceros sp. Thomas (1966) quadratic 6
Chaetoceros sp. Thomas ( 1966) quadratic 6
Gymnodinium sp. Thomas ( 1966) quadratic 6
Gymnodinium sp. Thomas ( 1966) quadratic 6
Gymnodinium sp. Thomas ( 1966) quadratic 6
Nannochloris sp. Thomas (1966) linear 5 quadratic 6
Nannochloris sp. Thomas ( 1966) linear 6
Nannochloris sp. Thomas ( 1966) power 6
Nannochloris sp. Thomas ( 1966) quadratic 6
Chaetoceros calcitrans Thompson et al. 
(1992)
power 5
Chaetoceros simplex Thompson et al. 
(1992)
linear 5
Dunaliella tertiolecta Thompson et al. 
(1992)
linear 5
Isochrysis aff. Galbana Thompson et al. 
(1992)
exponential 5
Pavlova lutheri Thompson et al. 
(1992)
exponential 5
Phaeodactylum Thompson et al. power 5
tricornutum (1992)
Thalassiosira Thompson et al. linear 5
pseudonana (1992)
Eutreptiella Throndsen (1976) quadratic 6
gymnastica
Achnanthes sp. Waring unpld. power/linear 6 Flinn 7
Cylindrotheca
closterium
Waring unpld. power 6 Gaussian 7
Gonyaulax tamarensis Watras et al. (1982) power 6
SB) Taxa and data sources used in the across-species //„„ analysis with no high temperature 
inhibition
species/strain source temp °C P (d ‘)
Amphiprora sp. Admiraal ( 1977) 4.0-24.8 0.259-1.904
Navícula arenaría Admiraal ( 1977) 3.9-25.0 0.149-0.958
Nitzschia sigma Admiraal (1977) 4.0-25.0 0.146-0.416
Nitzschia sp. Admiraal (1977) 4.0-25.0 0.243-1.726
Heterocapsa triquetra Aelion & Chisholm (1985) 8.0-21.1 0.300-0.625
Actinocyclus octonarius Baars (1981) 12.0-26.0 0.140-0.540
Actinoptychus senarius Baars (1981) 6.0-20.0 0.090-0.570
Asterionella glacialis Baars (1981) 12.0 1.150
Asterionella kariana. Baars (1981) 12.0-20.0 0.210-0.360
Bacii ¡aria paxillifer Baars (1981) 12.0-16.0 0.410-0.560
Bellerochea malleus Baars (1981) 12.0 0.260
Biddulphia aurita Baars (1981) -1.5-20.0 0.100-0.960
Biddulphia regia Baars (1981) 6.0-26.0 0.130-0.680
Biddulphia sinensis Baars (1981) 12.0-20.0 0.270-0.620
Ceralaulina bergonii Baars (1981) 18.0 0.710
Chaetoceros debilis Baars (1981) 6.0-20.0 0.380-1.140
Chaetoceros decipiens Baars (1981) 6.0 0.510-0.740
Chaetoceros densus Baars (1981) 6.0 0.310
Chaetoceros diadema. Baars (1981) -1.5-6.0 0.270-0.950
Chaetoceros didymus Baars (1981) 6.0-16.0 0.310-1.070
Chaetoceros teres Baars (1981) 0.0-12.0 0.170-1.210
Chaetoceros tortissimus Baars (1981) 12.0 0.980
Coscinodiscus centralis Baars (1981) 12.0 0.160-0.740
Coscinodiscus concinnus Baars (1981) -1.5-16.0 0.090-0.590
Coscinodiscus granii Baars (1981) 6.0-26.0 0.140-0.600
Coscinodiscus jonesianus var. commutata Baars (1981) 12.0-26.0 0.140-0.340
Coscinodiscus pavillardii Baars (1981) 12.0-20.0 0.530-0.680
Coscinodiscus radiatus Baars (1981) 16.0-26.0 0.120-0.610
Ditylum brightwellii Baars (1981) 0.0-26.0 0.150-1.050
Eucampia zoodiacus Baars (1981) 6.0-12.0 0.350-0.950
Guinardia flaccida Baars (1981) 6.0-20.0 0.240-0.660
Lauderia annulata Baars (1981) 6.0-26.0 0.280-1.710
Leptocylindrus danicus Baars (1981) 12.0 0.910
Lithodesmium undulatum Baars (1981) 12.0 0.690
Melosira moniliformis Baars (1981) 6.0-12.0 0.480-0.820
Melosira nummuloides Baars (1981) 0.0-6.0 0.120-0.430
Navícula comoides Baars (1981) 12.0-20.0 0.775-0.795
Rhizosolenia alata f  indica Baars (1981) 16.0-26.0 0.250-0.700
Rhizosolenia imbrícala Baars (1981) 20.0 0.240-0.680
Rhizosolenia robusta Baars (1981) 12.0-26.0 0.220-0.640
Rhizosolenia setigera Baars (1981) -1.5-20.0 0.140-0.830
Rhizosolenia stolterfothii Baars (1981) 12.0-20.0 0.240-0.970
Skeletonema costatum Baars (1981) 0.0-20.0 0.350-1.200
Stephanopyxis palmeriana Baars (1981) 12.0-26.0 0.210-0.790
Synedra tabulata Baars (1981) 12.0-20.0 0.370-0.410
Thalassiosira decipiens Baars (1981) 0.0-20.0 0.110-1.080
Thalassiosira eccentrica Baars (1981) 6.0-26.0 0.110-1.00
Thalassiosira hendeyi Baars (1981) 12.0-20.0 0.260-0.710
Thalassiosira levanderi Baars (1981) 0.0-12.0 0.350-1.130
Thalassiosira nordenskiöldii Baars (1981) -1.5-18.0 0.170-1.120
Thalassiosira polychorda Baars (1981) 12.0 0.110-1.160
Thalassiosira rotula Baars (1981) -1.0-26.0 0.050-2.130
Triceratium alternans Baars (1981) 12.0 0.740
Cryptomonas sp. Montagnes et al. (2008) 9.7-27.3 0.057-0.759
Cryptomonas sp. Bissinger unpld. 7.5-27.3 0.054-0.546
Cryptomonas sp. Bissinger unpld. 16.0 0.015-0.769
Coelastrum microporum f  astroidea Bouterfas et al. (2002) 15.1-25.2 0.467-1.162
Cosmarium subprotumidium Bouterfas et al. (2002) 15.1-25.2 0.035-0.730
Selenastrum minutum Bouterfas et al. (2002) 15.2-25.3 0.755-1.364
Chaetoceros affinis Braarud (1945) 10.0 0.970
Chaetoceros constrictus Braarud (1945) 10.0 1.248
Coscinosira polychorda Braarud ( 1945) 10.0 0.693
Eucampia zoodiacus Braarud ( 1945) 10.0 0.555
Lauderia borealis Braarud (1945) 10.0 0.624
Leptocylindrus danicus Braarud (1945) 10.0 0.347
Skeletonema costatum Braarud (1945) 10.0 1.802
Thalassiosira decipiens Braarud (1945) 10.0 0.901
Thalassiosira nitzschioides Braarud (1945) 10.0 0.832
Asterionella glacialis Brand & Guillard (1981) 24.0 0.859-3.669
Bacteriastrum delicatulum Brand & Guillard (1981) 24.0 0.335-2.543
Biddulphia sp. Brand & Guillard (1981) 24.0 0.000-1.690
Ceratium candelabrum Brand & Guillard (1981) 24.0 0.106-0.087
Ceratium platycorne Brand & Guillard (1981) 24.0 0.116-0.498
Ceratium ranipes Brand & Guillard (1981) 24.0 0.330-0.369
Corethron criophilum Brand & Guillard (1981) 24.0 0.660-2.203
Coscinodiscus sp. Brand & Guillard (1981) 24.0 0.459-1.080
Dissodinium lunula Brand & Guillard (1981) 24.0 0.166-0.260
Ditylum brightwellii Brand & Guillard (1981) 24.0 0.227-1.267
Emiliania huxleyi Brand & Guillard (1981) 24.0 0.774-1.932
Gephyrocapsa oceanica Brand & Guillard (1981) 24.0 0.735-1.649
Gonyaulax polyedra Brand & Guillard (1981) 24.0 0.417-0.693
Hemiaulus hauckii Brand & Guillard (1981) 24.0 0.230-2.683
Hymenomonas carterae Brand & Guillard (1981) 24.0 0.798-1.738
Prorocentrum micans Brand & Guillard (1981) 24.0 0.281-0.863
Streptotheca tames is Brand & Guillard (1981) 24.0 0.008-1.575
Synechococcus bacillaris Brand & Guillard (1981) 24.0 0.637-1.437
Thalassiosira pseudonana Brand & Guillard (1981) 24.0 0.836-3.367
Thalassiosira sp. Brand & Guillard (1981) 24.0 0.800-1.856
Thalassiosira pseudonana Brand et al. (1981) 11.9-23.8 1.132-3.206
Gymnodinium catenatum Bravo & Anderson ( 1994) 9.9-29.0 0.001-0.369
Cryptomonas sp. Buma et al.( 1993) 1.0 0.083-0.499
Asterionella formosa Butterwick et al. (2005) 2.0-25.0 0.277-1.109
Ceratium furcoides Butterwick et al. (2005) 11.0-25.0 0.042-0.201
Dinobryon divergens Butterwick et al. (2005) 2.0-25.0 0.139-0.482
Staurastrum cingulum Butterwick et al. (2005) 2.0-25.0 0.055-0.603
Tribonema. sp Butterwick et al. (2005) 2.0-25.0 0.042-0.381
Tychonema bourrellyi Butterwick et al. (2005) 8.0-25.0 0.201-0.658
Cryptomonas ovata var. palustris Cloem (1977) 8.0-26.0 0.041-0.597
Aulacoseira granulata var. angustissima Coles & Jones (2000) 15.0-25.0 0.418-0.779
Merismopedia tenuissima Coles & Jones (2000) 15.0-25.0 0.186-0.626
Microcystis aeruginosa Coles & Jones (2000) 15.0-25.0 0.174-0.910
Oscillatoria sp. Coles & Jones (2000) 15.0-25.0 0.557-1.112
Skeletonema costatum Curl & M cleod( 1961) 15.0-20.0 2.197-2.967
Chlorella vulgaris Dauta et al. (1990) 10.0-25.0 0.007-1.048
Fragilaria crotonensis Dauta et al. (1990) 10.0-25.0 0.002-0.585
Staurastrum pingue Dauta et al. (1990) 10.0-25.0 0.030-0.736
Synechocystis minima Dauta et al. (1990) 10.0-25.0 0.037-0.833
Skeletonema costatum Dauta et al. (1990) 18.0 3.024
Thalassiosira nordenskiöldii Durbin (1974) 0.0-15.0 0.020-1.250
Coccolithus huxleyi Eppley & Sloan (1966) 21.0 1.282
Coscinodiscus asteromphalus Eppley & Sloan (1966) 20.0 0.360
Coscinodiscus wailesii Eppley & Sloan ( 1966) 20.0 0.482
Cricosphaera elongata Eppley & Sloan ( 1966) 21.0 1.560
Cyclotella nana Eppley & Sloan ( 1966) 21.0 1.296
Ditylum brightwellii Eppley & Sloan ( 1966) 21.0 0.762
Dunaliella tertiolecta Eppley & Sloan ( 1966) 12.3-25.0 0.444-1.608
Peridinium trochoideum Eppley & Sloan ( 1966) 21.0 0.887
Skeletonema costatum Eppley & Sloan (1966) 21.0 1.456
Thalassiosira jluviatilis Eppley & Sloan (1966) 20.0 1.123
Thalassiosira rotula Eppley & Sloan ( 1966) 21.0 1.192
Asteromonas gracilis Eppley (1963) 27.0 1.250
Asteromonas sp. Eppley (1963) 27.0 1.040
Chlamydomonas sp. Eppley (1963) 27.0 0.760
Dunaliella sp. Eppley (1963) 25.0-26.0 0.620-0.900
Tetraselmis tetrathele Eppley (1963) 26.0 3.050
Haematococcus pluvialis Fan et al. (1994) 20.1-27.9 0.906-1.301
Phaeodactylum tricornutum Fawley (1984) 14.1-24.9 0.155-1.507
Aulacoseira subar etica Foy & Gibson (1993) 3.9-24.1 0.022-0.286
Stephanodiscus astraea Foy & Gibson (1993) 4.0-23.9 0.056-0.331
Stephanodiscus hantzschii Foy & Gibson (1993) 4.1-24.2 0.051-0.402
Oscillatoria agardhii Foy(1983) 5.0-23.0 0.010-0.203
Oscillatoria redekei Foy(1983) 5.0-23.0 0.016-0.198
Chaetoceros curvisetum Fumas (1978) 15.0-25.0 1.109-1.268
Skeletonema costatum Gallagher (1982) 10.0-20.0 0.555-3.466
Skeletonema costatum Gao et al. (2000) 5.0-25.0 0.490-1.700
Oscillatoria redekei van Gibson & Foy (1983) 5.0-23.0 0.015-1.076
Amphiprora sp. Gilstad & Sakshaug ( 1990) -0.5 0.040-0.410
Chaetoceros furcellatus Gilstad & Sakshaug (1990) -0.5 0.050-0.490
Nitzschia delicatissima Gilstad & Sakshaug (1990) -0.5 0.010-0.500
Nitzschia grunowii Gilstad & Sakshaug (1990) -0.5 0.030-0.560
Nitzschia vanhoeffenii Gilstad & Sakshaug (1990) -0.5 0.020-0.510
Poros ira glacial is Gilstad & Sakshaug (1990) -0.5 0.040-0.420
Thalassiosira antárctica var. borealis Gilstad & Sakshaug (1990) -0.5 0.010-0.600
Thalassiosira bioculata Gilstad & Sakshaug ( 1990) -0.5 0.010-0.430
Thalassiosira bulbosa Gilstad & Sakshaug (1990) -0.5 0.020-0.600
Thalassiosira nordenskiòldii Gilstad & Sakshaug (1990) -0.5 0.020-0.580
Thalassiosira pseudonana Goldman & McCarthy (1978) 18.0 3.020
Cyclotella nana Guillard & Ryther ( 1962) 4.0-25.0 0.143-1.986
Detonula confervacea Guillard & Ryther ( 1962) 4.1-14.5 0.547-0.964
Chroomonas salina Hobson (1974) 10.0-25.0 0.374-1.594
Isochrysis sp. Hobson (1974) 10.0-25.0 0.402-2.426
Thalassiosira jluviatilis Hobson (1974) 15.0-25.0 0.485-2.495
Phaeocystis antárctica Hong et al. (1997) 4.0 1.019-1.144
Skeletonema tropicum Hulburt & Guilllard (1968) 19.0-27.0 0.208-2.079
Rhizosolenia fragilissima Ignatiades & Smayda (1970) 9.0-25.0 0.430-0.846
Alexandrium ostenfeldii Jensen & Moestrup (1997) 11.3-20.6 0.055-0.222
Skeletonema costatum Jorgensen (1968) 7.0-20.0 0.693-1.594
Alexandrium monilatum Juhl(2005) 20.0-25.0 0.255-0.643
Cochlodinium polykrikoides Kim et al.(2004) 12.5-25.0 0.100-0.410
Thalassiosira rotula Krawiec (1982) 5.0-25.0 0.056-2.008
Phaeodactylum tricornutum Kudo et al.(2000) 10.0-20.0 1.070-1.700
Gonyaulax tamarensis Langdon (1987) 15.0 0.016-0.416
Olisthodiscus luteus Langdon (1987) 15.0 0.039-0.610
Skeletonema costatum Langdon (1987) 15.0 0.039-1.691
Gonyaulax tamarensis Langdon (1988) 5.0-20.0 0.146-0.520
Olisthodiscus luteus Langdon (1988) 15.0-25.0 0.277-1.033
Skeletonema costatum Langdon (1988) 5.0-25.0 0.700-2.793
Achnanthes longipes Lewis et al.(2002) 8.0-29.0 0.280-0.834
Phaeodactylum tricornutum Li & Morris (1982) 4.8-24.4 0.275-1.178
Chaetoceros sp. Lomas & Gilbert ( 1999) 4.0-20.0 0.420-1.220
Prorocentrum minimum Lomas & Glibert ( 1999) 4.0-20.0 0.250-0.950
Gyrodinium uncatenum Lomas & Glibert ( 1999) 15.0-20.0 0.080-0.580
Thalassiosira weissflogii Lomas & Glibert (1999) 10.0-20.0 0.430-1.060
Pseudo-nitzschia pseudodelicatissima Lundholm et al. (1997) 5.0-25.0 0.146-2.357
Ceratium furca Meeson & Sweeney (1982) 10.0-20.0 0.004-0.291
Gonyaulax polyedra Meeson & Sweeney ( 1982) 10.0-20.0 0.003-0.258
Tetraselmis chui Meseck et al. (2005) 18.0 0.094-0.493
Nitzschia americana Miller & Kamykowski (1986) 15.0-25.1 1.038-1.904
Chaetoceros simplex var. calcitrans Montagnes & Franklin (2001) 13.0-25.0 0.399-0.697
Coscinodiscus sp. Montagnes & Franklin (2001) 8.0-16.5 0.136-0.332
Cyclotella cryptica Montagnes & Franklin (2001) 10.0-25.0 0.447-0.775
Ditylum brightwellii Montagnes & Franklin (2001) 9.0-20.0 0.409-0.722
Isochrysis galbana Montagnes & Franklin (2001) 13.0-25.0 0.624-0.719
Phaeodactylum tricornutum Montagnes & Franklin (2001) 8.0-20.0 0.424-0.992
Rhodomonas salina Montagnes & Franklin (2001) 9.0-16.0 0.476-0.896
Skeletonema costatum Montagnes & Franklin (2001) 9.0-20.0 0.448-0.880
Cryptomonas erosa Morgan & Kalff (1979) 1.0-23.5 0.017-0.853
Phaeodactylum tricornutum Morris et al. (1974) 7.0-18.0 0.530-1.159
Dunaliella tertiolecta Morris & Glover ( 1974) 12.0-24.0 0.493-1.180
Nitzschia closterium Morris & Glover (1974) 7.0-12.0 0.263-0.491
Skeletonema costatum Mortain-Bertrand et al. (1988) 3.0-18.0 0.402-1.386
Amphidinium klebsii Morton et al. (1992) 19.0-29.0 0.048-0.294
Coolia monotis Morton et al. (1992) 21.0-29.0 0.003-0.204
Gambierdiscus toxicus Morton et al. (1992) 18.9-28.9 0.004-0.153
Ostreopsis heptágono Morton et al. (1992) 16.0-28.9 0.002-0.160
Ostreopsis siamensis Morton et al. (1992) 16.0-29.0 0.003-0.206
Prorocentrum concavum Morton et al. (1992) 19.1-29.1 0.003-0.191
Prorocentrum lima Morton et al. (1992) 21.1-28.9 0.046-0.206
Prorocentrum mexicanum Morton et al. (1992) 21.1-28.8 0.002-0.171
Cylindrotheca closterium Mühlig-Hofmann unpld. 5.5-23.0 0.028-2.195
Plagiotropis sp. Mühlig-Hofmann unpld. 5.5-23.0 0.416-2.603
Planktothrix agardhii Nicklisch & Fietz (2001 ) 20.0 0.051-0.535
Stephanodiscus neoastraea Nicklisch & Fietz (2001) 20.0 0.067-1.067
Limnothrix redekei Nicklisch (1998) 20.0 0.282-1.106
Planktothrix agardhii Nicklisch (1998) 20.0 0.295-0.656
Scenedesmus acuminatus Nicklisch (1998) 20.0 0.429-0.913
Scenedesmus armatus Nicklisch (1998) 20.0 0.507-1.221
Stephanodiscus minutulus Nicklisch (1998) 20.0 0.580-1.242
Synedra acus Nicklisch (1998) 20.0 0.361-1.061
Gymnodinium galatheanum Nielsen (1996) 7.0-24.0 0.170-0.570
Coccolithus huxleyi Paasche (1967) 3.2-28.5 0.009-1.311
Ditylum brightwellii Paasche (1968) 3.8-24.4 0.038-1.734
Nitzschia turgidula Paasche (1968) 20.0 0.095-1.776
Thalassiosira pseudonana Paasche (1973) 20.0 0.050-2.780
Agmenellum quadruplicatum Parsons et al. (1961) 18.0 1.109
Amphidinium carteri Parsons et al. (1961) 18.0 1.848
Chaetoceros sp. Parsons et al. (1961) 18.0 0.979
Coscinodiscus sp. Parsons et al. (1961) 18.0 0.462
Dunaliella salina Parsons et al. (1961) 18.0 1.188
Exuviaella sp. Parsons et al. (1961) 18.0 0.504
Monochrysis lutheri Parsons et al. (1961) 18.0 0.875
Phaeodactylum tricornutum Parsons et al. (1961) 18.0 0.723
Skeletonema costatum Parsons et al. (1961) 18.0 1.280
Syracosphaera carterae Parsons et al. (1961) 18.0 0.832
Tetraselmis maculata Parsons et al. (1961) 18.0 2.079
Thalassiosira curviseriata Popovich & Gayoso ( 1999) 5.0-20.0 0.142-1.407
Chaetoceros sp. Renaud et al. (2002) 25.0-27.0 0.330-0.840
Isochrysis sp. Renaud et al. (2002) 25.0-27.0 0.810-0.970
Rhodomonas sp. Renaud et al. (2002) 25.0-27.0 0.300-0.350
Amphiprora antárctica Rivkin& Putt (1987) - 1.0 0.102-0.281
Porosira pseudodenticulata Rivkin& Putt (1987) - 1.0 0.433-0.487
Thalassiosira scotio Rivkin & Putt (1987) - 1.0 0.285-0.688
Trachyneis aspera Rivkin& Putt (1987) - 1.0 0.063-0.228
Nitzschia ovalis Saks(1982) 15.0-27.5 0.076-1.275






Skeletonema costatum (1977) 18.0 2.426
Asterococcus superbus Schlesinger et al. ( 1981 ) 16.0-26.0 0.142-0.530
Chlorella vulgaris Schlesinger & Molot (1981) 16.0-26.0 0.151-0.864
Coelastrum microporum Schlesinger & Molot (1981) 16.0-26.0 0.178-1.433
Tetraedron bitridens Schlesinger & Molot (1981) 16.0-26.0 0.142-0.826
Chlamydomonas globosa Seaburg et al. (1981) 5.0-20.0 0.534-1.262
Chlamydomonas intermedia Seaburg et al. (1981) -1.0-18.0 0.333-1.095
Chlamydomonas subcaudata Seaburg et al. (1981) -1.0-18.0 0.139-0.936
Chloromonas alpina Seaburg et al. (1981) -1.0-18.0 0.055-0.984
Detonula confervacea Smayda ( 1969) 2.0-12.0 0.305-1.074
Nitzschia seriata Smith et al. ( 1994) -0.5-12.0 0.260-0.567
Dunaliella tertiolecta Sosik & Mitchell ( 1994) 12.0-28.0 0.477-2.240
Asterionella formosa Suzuki & Takahashi (1995) 2.1-25.0 0.003-1.315
Chaetoceros pseudocurvisetum Suzuki & Takahashi (1995) 14.9-25.0 0.011-1.642
Chaetoceros sp. Suzuki & Takahashi (1995) -0.1-10.1 0.221-0.614
Detonula confervaceae Suzuki & Takahashi (1995) -1.9-10.3 0.048-0.911
Nitzschia frigida Suzuki & Takahashi (1995) 0.0-6.5 0.010-0.403
Skeletonema costatum Suzuki & Takahashi (1995) 2.1-25.1 0.009-1.480
Stephanodiscus hantzschii Suzuki & Takahashi (1995) 5.2-25.0 0.006-1.344
Thalassiosira nordenskióldii Suzuki & Takahashi (1995) -1.0-19.9 0.006-0.970
Cricosphaera elongata Swift & Taylor (1966) 18.0 0.527
Schizothrix caldcóla Tang & Vincent (2000) 5.0-25.0 0.034-0.280
Chaetoceros gracilis Thomas & Dodson (1975) 22.0 2.225
Leptocylindrus sp. Thomas & Dodson (1975) 22.0 3.493
Chaetoceros sp. Thomas (1966) 10.2-29.3 0.028-4.373
Gymnodinium sp. Thomas (1966) 15.1-28.5 0.001-1.140
Nannochloris sp. Thomas (1966) 14.9-29.0 0.280-2.556
Chaetoceros calcitrans Thompson et al. ( 1992) 10.0-24.9 0.524-2.912
Chaetoceros gracilis Thompson et al. ( 1992) 10.1-24.9 0.518-1.602
Chaetoceros simplex Thompson et al. ( 1992) 10.2-25.0 0.367-2.184
Dunaliella tertiolecta Thompson et al. ( 1992) 9.9-25.1 0.204-1.662
Isochrysis aff. Galbana Thompson et al. ( 1992) 9.9-24.9 0.414-1.760
Pavlova lutheri Thompson et al. (1992) 9.9-24.8 0.557-1.966
Phaeodactylum tricornutum Thompson et al. ( 1992) 9.9-24.5 0.666-1.602
Thalassiosira pseudonana Thompson et al. ( 1992) 9.8-24.7 0.594-1.842
Apedinella spinifera Throndsen (1976) 10.1-25.1 0.478-1.202
Cryptomonas sp. Throndsen (1976) 15.1-25.0 0.586-0.949
Eutreptiella gymnastica Throndsen (1976) 5.0-29.0 0.148-1.616
Eutreptiella sp. Throndsen (1976) 8.0-20.0 0.203-0.947
Gyrodinium es tu ariate Throndsen (1976) 7.8-28.6 0.130-0.547
Heteromastix pyriformis Throndsen (1976) 7.9-28.7 0.002-1.297
Katodinium rotundatum Throndsen (1976) 7.9-25.0 0.593-1.023
Micromonas pusilla Throndsen (1976) 7.8-27.8 0.474-2.857
Ochromonas minima Throndsen (1976) 7.8-27.9 0.462-1.959
Olisthodiscus luteus Throndsen (1976) 5.1-20.0 0.279-0.836
Pavlova sp. Throndsen (1976) 8.0-24.8 0.690-1.187
Pseudopedinella pyriforme Throndsen (1976) 5.0-25.2 0.147-0.978
Pyramimonas disomata Throndsen (1976) 14.8-28.6 0.002-1.089
Amphidinium cart eri Throndsen (1976) 5.0-29.0 0.138-1.533
Leptocylindrus danicus Verity (1982) 5.0-20.0 0.053-1.943
Chlorella sorokiniana Vona et al. (2004) 20.0-25.0 1.040-2.450
Koliella antárctica SAG2030 Vona et al. (2004) 5.0-15.0 0.120-0.300
Achnanthes sp. Waring unpld. 7.0-25.0 0.276-0.939
Cylindrotheca closterium Waring unpld. 7.0-20.0 0.102-1.356
Gonyaulax tamarensis Watrasetal. (1982) 8.5-20.0 0.187-0.444
Skeletonema costatum Yoder (1979) 0.0-22.0 0.326-2.641
5C) Additional data used in jumax analysis including high tem perature inhibition
species/strain source temp “C P (d"‘)
Amphiprora sp. Admiraal (1977) 29.9 1.641
Chaetoceros pseudocurvisetum Suzuki & Takahashi (1995) 30.0-35.1 0.020-1.073
Stephanodiscus hcmtzschii Suzuki & Takahashi (1995) 30.0 0.846
Skeletonema coslalum Suzuki & Takahashi (1995) 29.9-30.0 0.010-0.879
Nitzschia americana Miller & Kamykowski (1986) 30.0 1.839
A mph idin ium klebsii Morton et al. (1992) 31.0-35.0 0.047-0.187
Coolia monotis Morton et al. (1992) 31.1-35.1 0.006-0.140
Ostreopsis siamensis Morton et al. ( 1992) 31.1-32.9 0.002-0.034
Prorocentrum concavum Morton et al. (1992) 31.0-33.1 0.003-0.116
Prorocentrum lima Morton et al. (1992) 31.0-33.1 0.038-0.113
Prorocentrum mexicanum Morton et al. (1992) 30.9-32.9 0.064-0.094
Gambierdiscus toxicus Morton et al. (1992) 30.9-35.0 0.002-0.085
Ostreopsis heptágono Morton et al. (1992) 30.9 0.004
Aulacoseira granulata var. angustissima Coles & Jones (2000) 30.0 0.870
Microcystis aeruginosa Coles & Jones (2000) 30.0 1.096
Merismopedia tenuissima Coles & Jones (2000) 30.0 0.686
Oscillatoria sp. Coles & Jones (2000) 30.0 1.098
Achnanthes longipes Lewis et al. (2002) 32.1 0.273
Selenastrum minutum Bouterfas et al. (2002) 30.3-35.3 1.557-1.749
Coelastrum microporum f  astroidea Bouterfas et al. (2002) 30.0-35.1 1.602-1.650
Cosmarium subprotumidium Bouterfas et al. (2002) 30.2-35.2 0.880-1.010
Chaetoceros sp. Renaud et al. (2002) 30.0-35.0 0.760-0.870
Cryptomonas sp. Renaud et al. (2002) 30.0 0.270
Rhodomonas sp. Renaud et al. (2002) 30.0-33.0 0.150-0.230
Isochrysis sp. Renaud et al. (2002) 30.0-33.0 0.680-0.890
Alexandrium monilatum Juhl (2005) 31.0 0.653
Skeletonema costatum Curl & Mcleod 1961 30.0 2.967
Staurastrum cingulum Butterwick et al. (2005) 30.0 0.658
Nitzschia ovalis Saks(1982) 30.0-36.0 0.132-0.776
Chlorella sorokiniana Vona et al. (2004) 30.0-35.0 2.880-3.180
Chlorella vulgaris Dauta et al. (1990) 30.0-35.0 0.277-1.171
Fragilaria crotonensis Dautaetal. (1990) 30.0-35.0 0.004-0.435
Staurastrum pingue Dauta et al. (1990) 30.0-35.0 0.008-0.710
Synechocystis minima Dauta et al. (1990) 30.0-35.0 0.455-1.180
Ditylum brightwellii Paasche (1968) 29.8-33.0 0.006-1.295
Haematococcus pluvialis Fan et al. (1994) 30.9-32.8 0.046-0.705
Rhizosolenia fragilissima Ignatiades & Smayda (1970) 30.0 0.631
Dunaliella tertiolecta Eppley (1963) 33.5 3.470
Dunaliella primolecta Eppley (1963) 33.5 3.120
Skeletonema tropicum Hulburt & Guilllard (1968) 31.0 1.664
Gymnodinium sp. Thomas ( 1966) 30.2-31.7 0.006-0.830
Chaetoceros sp. Thomas (1966) 29.4-40.6 0.011-3.883
Nannochloris sp. Thomas ( 1966) 30.0-36.0 1.660-2.999
Actinocyclus octonarius Baars (1981) 30.0 0.790
Actinoptychus senarius Baars (1981) 30.0 0.730
Biddulphia sinensis Baars (1981) 30.0 0.990
Coscinodiscus granii Baars (1981) 30.0 0.700
Coscinodiscus jonesianus var. commutata Baars (1981) 30.0 0.740
Coscinodiscus pavillardii Baars (1981) 30.0 0.880
Coscinodiscus radiatus Baars (1981) 30.0 0.830
Ditylum brightwellii Baars (1981) 30.0 1.080
Rhizosolenia imbrícala Baars (1981) 30.0 1.080
Thalassiosira eccentrica Baars (1981) 30.0 0.810
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APPENDIX 6
Two papers that have arisen directly (Bissinger et al. 2008) or indirectly (Montagnes et 
al. 2008) from this thesis.
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Predicting marine phytoplankton maximum growth rates from temperature: Improving 
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A b stra c t
The E ppley curve describes an exponential function that defines the m axim um  attainable daily growth rate o f  
marine phytop lankton  as a function o f  tem perature. The curve was originally fitted by eye as the upper envelope  
o f  a data set, and despite its w ide use, the reliability o f  this function has not been statistically tested. Our analysis 
o f  the data  using quantile regression indicates that while the curve appears to be a good  estim ate o f  the edge o f  the 
data, it m ay n ot be reliable because the data set is sm all (n  =  162). W e construct a contem porary, com prehensive  
data set (« =  1,501) and apply an objective approach, quantile regression, to  estim ate its upper edge (99th 
quantile). T his analysis yields a new  predictive equation, /imax =  0.81c0 06317', that describes the m axim um  specific 
growth rates (/rmax, d -1 ) o f  marine phytoplankton  as a function o f  tem perature (T , °C). The Liverpool 
phytoplankton database (L P D ) curve is higher than the Eppley curve across all tem peratures, and at tem peratures 
below  19°C, the Eppley curve falls below  the low er 95% confidence interval o f  the L PD  curve. However, the L PD  
Q jo value (1.88) is identical to  that o f  the Eppley curve and thus supports the use o f  m odels that incorporate this 
as an estim ate o f  phytoplankton  grow th-rate response to  tem perature change. T o assess the potential effect o f  the 
LPD curve on  primary production, we em bedded the L PD  function into a one-dim ensional num erical m odel o f  a 
temperate, pelagic ecosystem . This analysis suggests that m odels using the Eppley function  will underestim ate 
primary production  by as m uch as 30%.
M o d e ls  o f  a q u a tic  p r im a r y  p r o d u c t io n  are u se fu l to o ls  to  
p r e d ic t  g lo b a l b io g e o c h e m ic a l  f lu x e s  a n d  b e tte r  in fo rm  
th o s e  in v o lv ed  in  a q u a t ic  r e so u r c e  m a n a g e m e n t. M a r in e  
p h y to p la n k to n  are  a  k ey  c o m p o n e n t  o f  m a n y  o f  th ese  
m o d e ls  b o th  b e c a u se  o f  th e ir  c a r b o n  a ss im ila t io n  (B eh ren -  
fe ld  e t  al. 2 0 0 1 ) a n d  b e c a u se  o f  th e ir  e ffe c t  o n  o th er  
e c o sy s te m  c o m p o n e n ts  (R y th e r  1 9 6 9 ). B e c a u se  th e  u tility  o f  
su c h  m o d e ls  h in g e s  o n  th e  q u a lity  o f  th e  p a ra m eters , w e  
n e e d  to  be c o n fid e n t in  th e ir  r e lia b ility . T h u s , h ere  w e  a p p ly  
a  s ta tis t ic a l tec h n iq u e  to  a sse ss  th e  r e lia b ility  o f  a  p a ra m eter  
th a t  re la tes  p h y to p la n k to n  m a x im u m  g r o w th  ra tes to  
tem p era tu re , w h ic h  is  a  k e y  c o m p o n e n t  o f  n u m e r o u s  
a q u a t ic  p r o d u c t io n  m o d e ls  ( e .g . ,  T e t t  e t  a l .  1 9 8 5 ) .  
F u rth erm o re , th e  d iffe r e n c e  b e tw e e n  th is  r e la t io n sh ip  a n d  
th e  g r o w th -r a te  r e s p o n s e  o f  h e te r o tr o p h ic  p r o t is ts  to  
tem p era tu re  has b e e n  im p lic a te d  in  th e  fo r m a tio n  o f  a lg a l 
b lo o m s  in  h ig h - la t itu d e  e c o sy s te m s  (R o s e  a n d  C a r o n  2 0 0 7 ).
1 Corresponding author (j.b issinger@ liverpool.ac.uk).
2 C ontact for or L iverpool phytoplankton  database enquiries.
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T h u s , th e  c o n se q u e n c e s  o f  co r r e c tly  in terp re tin g  th e  d a ta  
a re  c o n s id e r a b le .
In  d y n a m ic  e c o sy s te m  p r o d u c t io n  m o d e ls , a  tem p era tu re  
fu n c t io n  is o fte n  u se d  to  se t th e  u p p er  lim it o f  p h y to p la n k ­
to n  g r o w th  ra tes . F r o m  th is  th e o r e tic a l m a x im u m , g r o w th  
ra tes are  th e n  red u ced  b y  a p p ly in g  c o e ff ic ie n ts  r e la t in g  to  
e n v ir o n m e n ta l lim itin g  fa c to r s  su ch  a s d a y  le n g th , p h o to n  
f lu x  d e n s ity , a n d  n u tr ie n ts  (B o w ie  et a l. 1 9 8 5 ). O n e  
tem p era tu re  fu n c t io n  c o m m o n ly  u sed  is th a t d e v e lo p e d  by  
E p p le y  (1 9 7 2 ):
A W  =  0 .5 9 e 00633r (1)
T h is  e x p o n e n t ia l  r e la t io n sh ip  d e fin e s  th e  m a x im u m  
a tta in a b le  d a ily  g r o w th  ra te  ( / imax, d  ')  o f  p h y to p la n k to n  
a s a  fu n c t io n  o f  tem p era tu re  ( T , °C ) a n d  h a s  th e  a d v a n ta g e  
o v e r  m o r e  c o m p le x  fu n c t io n s  o f  b e in g  a b le  to  g en era te  
p r e d ic t io n s  in  th e  a b se n c e  o f  o th e r  d a ta , su ch  a s c o m m u n ity  
c o m p o s it io n  o r  p h y to p la n k to n  size . T h e  r e la t io n sh ip  w a s  
fo r m u la te d  fro m  a  c o m p ila t io n  o f  d a ta  fr o m  la b o r a to r y  
cu ltu re  stu d ie s  in  w h ic h  lig h t  a n d  n u tr ien ts  w ere  c o n s id e r e d  
rep le te . E p p le y  (1 9 7 2 )  in d ic a te d  th a t  th e  d a ta  fe ll w ith in  an  
u p p er  e n v e lo p e  a n d  d rew  a  lin e  b y  e y e  th a t d e fin e d  the  
m a x im u m  e x p e c te d  g r o w th  a t a n y  g iv e n  te m p e r a tu r e  
b e tw e e n  0 °C  a n d  4 0 °C  (F ig . 1).
T h e  c ita t io n  h is to r y  ( > 8 0 0 )  o f  E p p ley  (1 9 7 2 ) su g g es ts  
th a t its  s tr o n g  in f lu e n c e  is  as p r o n o u n c e d  to d a y  a s it  w a s
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Fig. 1. Variation in the specific growth rate, n , o f  photoau- 
otrophic unicellular algae w ith  tem perature (redrawn from  
Igure 1 o f  Eppley 1972).
jv er  30  yr a g o  (F ig . 2 ) . In  a  sa m p le  o f  4 5 0  p a p ers  th a t  c ite  
ip p le y  (1 9 7 2 ), 103 in c o r p o r a te  so m e  a sp e c t o f  th e  E p p le y  
'o rm u la tio n  in  a  m o d e l , i .e . ,  e ith er  th e  fu n c t io n  it s e lf  (e .g .,  
L ugier et al. 2 0 0 5 )  o r  th e  Q \ 0 o f  1 .88  d er iv ed  fr o m  th e  
Eippley fu n c tio n  (e .g ., T e t t  e t  a l. 1 9 8 5 ). A n o th e r  85  s tu d ie s  
;o m p a re  their re su lts  t o  th e  th e o r e t ic a l m a x im u m  e x p e c te d  
'rom  the cu rve (e .g ., D u r b in  1974; A d m ir a a l 1977); o f  
h e se , 62  h a d  resu lts  s im ila r  to  o r  b e lo w  th e  cu rv e , a n d  15 
la d  resu lts th a t e x c e e d e d  th e  th e o r e t ic a l m a x im u m  (e .g ., 
3ru sh  e t a l. 2 0 0 2 ). In  a d d it io n , so m e  s tu d ie s  su g g e s t th a t  a n  
;x p o n en tia l fu n c t io n  is  n o t  th e  m o s t  a p p r o p r ia te  m o d e l o f  
h e  re la t io n sh ip  a c r o s s  a  w id e  ra n g e  o f  te m p e r a tu r e s  
M o is a n  et a l. 2 0 0 2 ) . R e c o g n it io n  o f  th e se  d isc r e p a n c ie s  
h r o w s  d o u b t o n  th e  a p p lic a b il ity  o f  th e  E p p le y  fu n c t io n  
in d  th u s a lso  o n  p r e d ic t io n s  o f  a q u a tic  p r im a ry  p r o d u c -  
:ion.
H e r e , w e  fo c u s  o n  th e  e x p o n e n t ia l  p o r t io n  o f  th e  
■esponse, as E p p le y  (1 9 7 2 )  d id , a n d  e x p lo r e  th e  o u tc o m e  
i f  a  sta tis tica l a p p r o a c h  th a t  o b je c t iv e ly  d e fin e s  th e  u p p e r  
:dge o f  a  sca tter  g ra p h , p r o v id in g  a  q u a n tita t iv e  m e a su r e  o f  
h e  re lia b ility  o f  th e  e s t im a te  o b ta in e d . P r o b le m s w ith  
i t t in g  a  lin e  o f  m a x im u m  g r o w th  b y  ey e  in c lu d e  th e  
o b je c t iv ity  o f  th e  m e th o d , e sp e c ia lly  th e  r isk  th a t  th e  
e la t io n sh ip  m a y  b e  d is p r o p o r t io n a te ly  a ffe c te d  b y  o u tlie r s , 
in d  th e  im p o s s ib il ity  o f  q u a n t ita t iv e ly  m e a s u r in g  th e  
ir e c is io n  o f  th e  m o d e l p a r a m e te r  e s t im a te s . In  th e  E p p le y  
1 9 7 2 ) fu n c tio n , a n  e s t im a te  o f  /rmax w a s  in ferred  fr o m  a  
m a i l  sa m p le  (n  =  1 6 2 ) w ith o u t  a n y  m e a su r e  o f  th e  
:o n fid en ce  in  th a t  e s t im a te . F u r th e r m o r e , s in c e  E p p le y  
1 9 7 2 ) p r o d u c e d  h is  c u r v e , n u m e r o u s  g r o w th -r a te  s tu d ie s  
la v e  b een  p u b lish e d  w ith  d a ta  su ita b le  fo r  in c o r p o r a t io n  
n to  a  n ew  a n a ly s is . T h e r e fo r e , i f  w e  p la n  to  u se  E p p le y -lik e  
u n c t io n s  in  m o d e r n  a q u a t ic  e c o s y s te m  m o d e ls , a  q u a n ti-  
a t iv e  a sse ssm en t o f  th e  r e lia b ility  o f  th is  r e la t io n sh ip  is  
le e d e d .
Q u a n tile  r e g ress io n  (K o e n k e r  a n d  B a sse tt  19 7 8 ) c a n  b e  
is e d  to  in fer  r e la t io n sh ip s  fr o m  th e  ed g e s  o f  sca tter  g ra p h s
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Fig. 2. C itation history (http://w ok.m im as.ac.uk/) o f  “T em ­
perature and phytoplankton grow th in the sea” (E ppley 1972). 
T otal num ber o f  citations =  835.
(e .g .,  th e  u p p e r  e d g e  o f  th e  E p p le y  [1972] d a ta  set; F ig . 1); 
fo r  e x a m p le , th e  9 9 th q u a n tile  d e scr ib es  a  lin e  b e lo w  w h ic h  
are  fo u n d  99%  o f  th e  o b se r v a t io n s . T h is  a p p r o a c h  h a s  
a lr e a d y  b een  a p p lie d  to  o th e r  p r o b le m s  in  th e  a q u a tic  
sc ie n c e s  (e .g ., th e  s tu d y  o f  m a x im u m  b a th y m e tr ic  b o d y -s iz e  
g r a d ie n ts  in  g a s tr o p o d s  carr ied  o u t  b y  M c C la in  a n d  R e x  
[2 0 0 1 ], a n d  th e  in v e s t ig a t io n  o f  o p p o r tu n is t ic  p r e d a t io n  in  
tu n a  b y  M e n a r d  e t  a l. [2 0 0 6 ]). B r ie fly , q u a n ti le  r e g r e ss io n  is 
b a se d  o n  le a s t  a b so lu te  d e v ia t io n s  ( L A D )  re g r e ss io n , w h ic h  
u se s  th e  m e d ia n  ra th er  th a n  th e  m e a n , a n d  it is  th ere fo re  
le s s  se n s it iv e  to  e x trem e  o u t ly in g  v a lu e s  th a n  o r d in a r y  lea s t  
sq u a r e s  (O L S ) reg ress io n . T h e  q u a n tile  o f  in te r e st  ( t) is 
e s t im a te d  u s in g  a n  o p t im iz a t io n  fu n c t io n  th a t  m in im iz e s  
th e  su m  o f  w e ig h te d  a b so lu te  d e v ia t io n s  (K o e n k e r  a n d  
B a sse t t  1978; K o e n k e r  a n d  d ’O rey  1 9 8 7 ), a n d  th e  so lu t io n  
to  th e  m in im iz a tio n  p r o b le m  is  a c h ie v e d  u s in g  a n  a lg o r ith m  
su c h  a s th e  s im p le x  m e th o d  (C a d e  a n d  N o o n  2 0 0 3 ). 
T y p ic a lly , lik e  m o s t  m o d e r n  s ta tis t ic s , th e se  a lg o r ith m s  
are  a v a ila b le  in  so ftw a r e  p a c k a g e s , fo r  e x a m p le , R  (h ttp :// 
w w w .r -p r o je c t .o r g ).
R e g r e s s io n  q u a n tile s , u n lik e  O L S  r e g r e ss io n , m a k e  n o  
a ss u m p tio n s  a b o u t th e  error  d is tr ib u t io n  in  th e  m o d e l a n d  
r e ta in  th e ir  s ta t is t ic a l p r o p e r tie s  u n d e r  a n y  lin e a r  o r  
n o n lin e a r  m o n o t o n ic  tr a n s fo r m a tio n  (C a d e  a n d  N o o n  
2 0 0 3 ) . C o n se q u e n tly , th is  m e th o d  h a s  th e  a d d e d  b en e fit  
th a t  it  is  p o s s ib le  to  u se  a  n o n lin e a r  tr a n s fo r m a tio n  (e .g ., 
lo g a r ith m ic )  to  e s t im a te  th e  r eg ress io n  q u a n tile s  a n d  th en  
b a c k -tr a n s fo r m  th e  e s t im a te s  w ith o u t  lo s s  o f  in fo r m a tio n  
(C a d e  a n d  N o o n  2 0 0 3 ). F u r th e r m o r e , e s t im a t io n  o f  th e  
e d g e s  o f  sca tter  g ra p h s u s in g  q u a n tile  r e g ress io n  is  n o t  
b u r d e n e d  b y  arb itra ry  d e c is io n s  a b o u t  d a ta  p a r tit io n in g  
a n d  th e  n u m b ers  o f  s ize  c la s se s  (S c h a r f  e t  a l. 1 9 9 8 ), a s  is th e  
c a se  w h e n  b in n in g  a p p r o a c h e s  are u se d  (e .g ., B la ck b u rn  et 
a l. 1992; R o se  a n d  C a r o n  2 0 0 7 ). S in ce  c a lc u la t io n  o f  th e  
s ta n d a r d  error  fo r  th e  q u a n tile  o f  in te r e st  is  d e p e n d e n t o n  
v a r ia n c e  in  th e  sa m p le  d is tr ib u t io n  a r o u n d  th is  q u a n tile  
(C a d e  e t  a l. 1999), it  is  n o t  p o s s ib le  to  c a lc u la te  a n  u p p er
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co n fid en ce  in te r v a l ( C l)  fo r  a  100%  q u a n tile  (r  =  1 .0 ). 
T h erefo re , th e  m o s t  r e lia b le  e s t im a te  o f  th e  e d g e  o f  th e  d a ta  
is  th a t d efin ed  b y  th e  h ig h e s t  ( i .e ., n e a r e st  to  100% ) q u a n tile  
reg ress io n  lin e  w ith  c o n f id e n c e  in terv a ls  th a t d o  n o t  in c lu d e  
zero  (C ad e e t  a l. 1 9 9 9 ). T h u s , in  th is  ty p e  o f  a n a ly s is , th ere  
is  o fte n  a  t r a d e - o f f  b e tw e e n  th e  m a x im u m  r e g r e ss io n  
q u a n tile  (t) th a t  c a n  b e  e s t im a te d  a n d  th e  c o n f id e n c e  in  
th a t  estim ate .
In  th is s tu d y , f iv e  is su e s  are  a d d ressed : w e  a n a ly z e  
th e  d a ta  c o m p i le d  b y  E p p le y  (1 9 7 2 )  u s in g  q u a n t i le  
r e g ress io n  a n d  e x a m in e  th e  s ta t is t ic s  a s s o c ia te d  w ith  
th e  9 9 th q u a n tile ;  w e  f o l lo w  th e  a p p r o a c h  o f  E p p le y  
(1 9 7 2 )  an d  o b ta in  a ll su ita b le  a v a ila b le  d a ta  to  c o n ­
stru ct a n e w , la r g e  (n  =  1 ,5 0 1 ) d a ta b a s e  (L iv e r p o o l  
p h y to p la n k to n  d a ta b a s e , L P D )  a n d  th e n  u se  q u a n tile  
reg ress io n  to  e s ta b lis h  a  n e w  p r e d ic t iv e  e q u a tio n ;  w e  
in v estig a te  i f  o u r  n e w , c o m p r e h e n s iv e  d a ta b a se  p r o d u c e s  
a  b iased  r e sp o n se  d u e  t o  a  la rg er  p r o p o r tio n  o f  d ia to m s ,  
sin ce  d ia to m s te n d  to  e x h ib it  h ig h  sp e c if ic  g r o w th  ra tes  
(F u rn a s 1990); w e  c a lc u la te  a n d  c o m p a r e  th e  Q \o  o f  th e  
o b serv ed  r e sp o n se s , s in c e  g i o  is u sed  reg u la r ly  to  p red ic t  
p rim ary  p r o d u c t io n  ( e .g .,  T e tt  e t  a l. 1985; D o n e y  e t  a l.
1 9 9 6 ) ; and  f in a lly , w e  in v e s t ig a te  i f  th e  q u a n tile  re g r e ss io n  
p aram eter  e s t im a te s  are  in f lu e n c e d  b y  g r o w th -r a te  d a ta  at 
h ig h  tem p era tu res, s in c e  th ere  are in d ic a tio n s  th a t  th e  
g ro w th -ra te  r e sp o n s e  s h o u ld  d e v ia te  fro m  a n  e x p o n e n t ia l  
resp o n se  a t h ig h e r  te m p e r a tu r e s  (B e h r e n fe ld  a n d  F a lk o w s k i
1 9 9 7 ) .
Materials and methods
Q u a n ti le  r e g r e s s io n — W e  u se  q u a n t i le  r e g r e s s io n  to  
estim a te  th e  m a x im u m  g r o w th  ra tes o f  p h y to p la n k to n  at 
d ifferen t tem p e r a tu r e s  to g e th e r  w ith  a  q u a n tita t iv e  m e a su r e  
o f  th e  co n fid e n c e  in  th a t  e s t im a te . B eca u se  lin e a r  q u a n tile  
reg ress io n  p r o v id e s  e s t im a t e s  o f  s ta n d a r d  err o r s  a n d  
co n fid en ce  in te r v a ls  ( C l) ,  th e  d a ta  w ere  lin e a r iz e d  b y  
lo g a r ith m ic  tr a n s fo r m a tio n . H o w e v e r , lo g - tr a n s fo r m a tio n  
o f  th e  d ata  to  a c c o m m o d a te  zero  a n d  n e g a t iv e  g r o w th  
v a lu e s  (e .g ., lo g  y  +  1) p r e v e n te d  d irec t c o m p a r iso n  w ith  th e  
E p p ley  e q u a tio n , s o  th e s e  fe w  d a ta  (< 1 %  o f  th e  L P D  a n d  
—5% o f  the E p p le y  d a ta  se t)  w e r e  n o t  in c lu d e d . Q u a n tile s  
a n d  a sso c ia ted  s ta t is t ic s  w ere  c a lc u la te d  u s in g  th e  “ q u a n -  
tr e g ” (K o e n k e r  2 0 0 6 )  p a c k a g e  in  R ,  w h ic h  e m p lo y s  a 
v a r ia n t o f  th e  B a r r o d a le  a n d  R o b e r ts  (1 9 7 4 )  s im p le x  
a lg o r ith m  (K o e n k e r  a n d  d ’O rey  1987).
W h en  e s t im a t in g  e x tr e m e  q u a n tile s  w ith  c o n f id e n c e , a 
la rg e  sam ple s ize  is  req u ired  to  p r o v id e  a  r e a so n a b le  d e n s ity  
o f  o b serv a tio n s  n e a r  th e  e d g e  o f  th e  d a ta  (C a d e  e t  a l. 1 9 9 9 ). 
T o  ensure r e lia b le  e s t im a te s , R o g e r s  (1 9 9 2 ) su g g e s te d  n  >  
5/(1 — q)  (w h ere  n  is  th e  sa m p le  s ize , a n d  q  is  th e  q u a n tile  o f  
in terest); so , to  e s t im a te  th e  9 9 th q u a n tile , n  >  5 0 0 . In  th is  
s tu d y , the m o s t  r e lia b le  e s t im a te  o f  th e  ed g e  o f  e a c h  d a ta  set  
w a s  tak en  to  b e  th e  h ig h e s t  p o s s ib le  q u a n tile  th a t  c o m p lie d  
w ith  the sa m p le  s i z e : q u a n tile  r e c o m m e n d a tio n  o f  R o g e r s  
(1 9 9 2 ) and h a d  a  s lo p e  w ith  95%  C l th a t  e x c lu d e d  z e r o . In  
th e  fo l lo w in g  a n a ly s e s ,  d a ta  se ts  are  id e n t if ie d  w ith  
su b scr ip ts , w h e r e  (E ) s ig n if ie s  th e  E p p ley  d a ta , (L P D )  
sig n ifie s  th e  L iv e r p o o l p h y to p la n k to n  d a ta b a se , a n d  (43%  
D )  sign ifies th e  s u b s e t  o f  th e  L P D  d a ta  w h e r e  d ia to m s
c o n s t itu te  43 %  o f  th e  to t a l  (th e  sa m e  p r o p o r t io n  a s  in  th e  
E p p le y  [1972] d a ta  set).
R e a n a l y z in g  E p p l e y ’s  d a t a — E p p le y  (1 9 7 2 )  c o m p ile d  
p h y to p la n k to n  g r o w th -r a te  d a ta  fr o m  b o th  p r im a ry  a n d  
se c o n d a r y  so u r c e s  a n d  o n ly  in c lu d e d  d a ta  fr o m  cu ltu res  
th a t  w e r e  g r o w n  in  n u tr ie n t-r e p le te  c o n d it io n s  u n d e r  
c o n t in u o u s  il lu m in a t io n , o r  a t  o p t im u m  d a y -le n g th  w h ere  
a  c o n t in u o u s  p h o to p e r io d  w a s  d e tr im e n ta l to  g r o w th . D a ta  
p o in t s  (n  =  153 a fte r  z e r o  v a lu e s  w ere  r e m o v e d ) fr o m  F ig . 1 
o f  E p p le y  (1 9 7 2 )  w ere  d ig it iz e d  u s in g  G r a b  It! d a ta -c a p tu r e  
so ftw a r e  a n d  c o n v e r te d  fr o m  d o u b lin g s  p e r  d a y  to  sp e c if ic  
g r o w th  ra tes ( p ,  d - 1 ; F ig . 1). T h e  9 9 th(E) q u a n tile  w a s  
c a lc u la te d  a s  d e scr ib ed  p r e v io u s ly  a n d  v is u a lly  c o m p a r e d  to  
th e  E p p le y  cu r v e  (F ig . 3 A ), s in c e  th e  sa m p le  s ize  w a s  to o  
sm a ll fo r  fu r th er  a n a ly s is .
A n a ly z in g  th e  L iv e r p o o l  p h y t o p la n k to n  d a ta b a s e — T h e  
L iv e r p o o l p h y t o p la n k t o n  d a ta b a s e  ( L P D , n  =  1,501 
g r o w th  ra tes o f  m a r in e  ta x a )  o n ly  in c lu d e s  la b o r a to r y  
s t u d ie s  fr o m  th e  p r im a r y  l i te r a tu r e , i .e . ,  f ie ld -b a s e d  
o b se r v a t io n s  a n d  c o m p ila t io n s  o f  g r o w th -r a te  s tu d ie s  w ere  
n o t  in c lu d e d . D a ta  p r e se n te d  g r a p h ic a lly  w ere  d ig it ized  
u s in g  G r a b  It!, a n d  g r o w th  ra tes e x p r e sse d  as d o u b lin g s  or  
d iv is io n s  p er  d a y  w ere  c o n v e r te d  to  sp e c if ic  g r o w th  ra tes (p ,  
d 1). D a ta  fr o m  sp e c ie s  th a t  w ere  o r ig in a lly  is o la te d  fro m  
th e  b e n th o s  w ere  n o t  in c lu d e d , a n d  w h e r e  e x p er im en ts  
v a r ied  in  sa lin ity , o n ly  th o s e  g r o w th  ra tes w ith  sa lin it ie s  
s 3 0  w ere  in c lu d e d . T h u s , th e  L P D  is  c o m p o s e d  o f  s tu d ie s  
th a t m e a su r e d  g r o w th  ra te s  a t o n ly  o n e  te m p e r a tu r e  a n d  
th o s e  th a t  c o lle c te d  g r o w th  ra te s  o v e r  a  n u m b e r  o f  d ifferen t  
tem p era tu res , in  b a tc h , c o n t in u o u s , a n d  c h e m o s ta t  e x p e r ­
im e n ts , a n d  fo r  v a r io u s  d a y -le n g th  a n d  p h o to n  flu x  d en sity  
c o m b in a t io n s . C o n se q u e n t ly , th e  L P D  in c lu d e s  d a ta  w h ere  
c o n d it io n s  w e r e  n o t  a lw a y s  rep le te  a n d  m a x im u m  g ro w th  
ra tes w ere  n o t  a lw a y s  a c h ie v e d . T h e  L P D  w a s  c o m p ile d  
fr o m  51 p u b lic a t io n s , is  —10 t im e s  la rg er  th a n  E p p le y ’s 
d a ta  set, a n d  is  c o m p o s e d  o f  9 2  sp e c ie s  o r  stra in s  fr o m  62  
g e n e r a  ( s e e  W e b  A p p e n d ix  1, w w w .a s lo .o r g / lo / to c /v o l_ 5 3 /  
is s u e _ 2 /0 4 9 3 a l .p d f).
T h e  in f lu e n c e  o f  th e  p e r c e n ta g e  o f  d ia to m s  in  th e  d a t a —  
B e c a u se  re g r e ss io n  q u a n tile s  a re  b a se d  o n  th e  p er c e n ta g e  o f  
d a ta  a b o v e  o r  b e lo w  th e  sp e c if ie d  q u a n tile , a n d  th e  fa st  
g r o w th  ra te s  o f  d ia to m s  (F u r n a s  1990) m a y  m e a n  th a t  th ere  
is  a  g rea ter  p e r c e n ta g e  c lo s e  to  th e  u p p e r  e n v e lo p e , w e  
in v e s t ig a te d  w h e th e r  th e  la rg er  p r o p o r t io n  o f  d ia to m s  in  
th e  L P D  (68%  c o m p a r e d  to  —43% in  th e  E p p le y  d a ta  set) 
b ia se d  o u r  a n a ly s is . W e  d id  s o  b y  r a n d o m ly  su b sa m p lin g  (n  
=  8 2 8 ) th e  L P D  to  c r e a te  30 su b se ts , w h ere  d ia to m s  
c o n s t itu te d  43% o f  th e  to ta l  in  e a c h  su b se t. F o r  ea ch  
su b se t, w e  th e n  c a lc u la te d  th e  9 9 th(43% D) q u a n tile  w ith  
±95% C l,  a n d  th e  m e a n  o f  th e se  w a s  th e n  c o m p a r e d  to  the  
E p p le y  cu r v e  a n d  99th(LpD) q u a n tile . T o  d eterm in e  i f  d if ­
feren ces  e x is te d  b e tw e e n  th e  s lo p e s  a n d  in tercep ts  o f  th e  
lo g -tr a n s fo r m e d  E p p le y  cu rv e , 99th(LPD), a n d  99th (43% D) 
q u a n tile s  ( i .e ., th ree  c o m p a r iso n s ) , t - te s ts  w ere  a p p lied . T o  
b e  c o n se r v a t iv e , th e se  te s ts  w ere  B o n fe r r o n i co rrected  
(S o k a l a n d  R o h l f  1995), g iv in g  a n  a  v a lu e  o f  0.01.
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Fig. 3. M arine phytop lankton  m axim um  growth rates (/¿max) 
is a function o f  tem perature. (A ) A  com parison o f  the tw o  
nethodologies used to  estim ate the upper edge o f  Eppley’s data, 
rhe Eppley curve, w hich w as drawn by eye, is com pared to  the 
)9lh(E) regression quantile calculated from  Eppley’s digitized data  
n — 153). (B) The 99lh(LPD) quantile and associated ±95%  
;onfidence intervals calcu lated  from  the L iverpool phytoplankton  
latabase (LPD) (n =  1,501). The Eppley curve is show n for 
;omparison. (C) N orm alization  o f  the L PD  data to account for 
differences in the percentage o f  d iatom s in the data. Lines show  
he 99th(LPD) and 99th(43% D) (n  =  828) quantiles, w ith the Eppley  
;urve shown for com parison.
C a lc u la t in g  th e  Q 10 v a lu e — W e c a lc u la te d  th e  g i o  v a lu e  
o f  th e  L P D  /imax a n d  th a t  d er iv ed  fr o m  th e  su b se ts  w ith  
43%  d ia to m s  u s in g  th e  g i o  m o d e l o f  V a n ’t H o f f  (1 8 8 4 ) .  
A s s u m p t io n s  in c lu d e d  a n  e x p o n e n t ia l r e sp o n s e  a n d  n o  
in h ib it io n  o f  g r o w th  ra te  a t h ig h  te m p e r a tu r e s , fo l lo w in g  
th e  a p p r o a c h  o f  E p p le y  (1 9 7 2 ) .
T h e  in f lu e n c e  o f  g r o w th  r a t e s  a t  h ig h  t e m p e r a tu r e s — A t  
h ig h e r  tem p e r a tu r e s  ( > 2 9 ° C ,  F ig . 3 B ), d a ta  p o in ts  w ere  
few er  a n d  a p p e a r e d  to  h a v e  m a x im a  b e lo w  th e  c a lc u la te d  
9 9 th q u a n tile . S o , to  a lle v ia te  a n y  c o n c e r n s  th a t  th e se  h ig h -  
te m p e r a tu r e  d a ta  m a y  u n d u ly  in f lu e n c e  th e  p a r a m e te r  
e s t im a te s  fr o m  th e  q u a n ti le  r eg ress io n  a n a ly s is , a  r ed u ced  
d a ta  se t w a s  c r e a te d  th a t  e x c lu d e d  g r o w th -r a te  d a ta  a t  
tem p e r a tu r e s  > 2 9 ° C . T o  d e term in e  i f  th ere  w ere  d iffe r e n c e s  
b e tw e e n  th e  lo g - tr a n s fo r m e d  re g r e ss io n  p a r a m e te r s  fr o m  
th e  fu ll a n d  r ed u ced  d a ta  se ts , M e sts  w ere  a p p lied .
R e s u l t s
A n a l y s i s  o f  E p p l e y ’s  d a t a — Q u a lita t iv e ly , th e  9 9 th(E) 
q u a n t i le  a p p e a r s  t o  b e  s im ila r  t o  th e  E p p le y  c u r v e  
(F ig . 3 A ). H o w e v e r , a s  o n ly  o n e  p o s it iv e  r e s id u a l p o in t  
o c c u r s  a b o v e  th e  9 9 th(E) q u a n tile , it  w a s  n o t  p o s s ib le  to  
s ta t is t ic a lly  a n a ly z e  th e  d ifferen ces  b e tw e e n  th e  9 9 th(E) 
q u a n tile  a n d  th e  E p p le y  cu rv e . T h u s , e rro r  e s t im a te s  w ere  
n o t  o b ta in e d  fo r  th e  E p p le y  cu rv e  u s in g  q u a n ti le  r e g ress io n .
A n a ly s i s  o f  L iv e r p o o l  p h y to p la n k to n  d a t a b a s e — S in ce  th e  
±95% C l o f  th e  99th(LpD) q u a n tile  s lo p e  e s t im a te  e x c lu d e d  
z e r o  a n d  c o m p lie d  w ith  th e  m in im u m  size  r e c o m m e n d e d  b y  
R o g e r s  (1992) (T a b le  1), th is  q u a n tile  p r o v id e d  th e  m o s t  
re lia b le  e s t im a te  o f  th e  e d g e  o f  th e  L P D  d a ta  set. B a c k -  
tr a n s fo r m a t io n  o f  th e  p a r a m e te r s  fr o m  th e  99th(LPD) 
q u a n tile  y ie ld s:
A W  =  0 .8 1 e 0 063lr (2 )
A  c o m p a r iso n  o f  th e  lo g -tr a n s fo r m e d  q u a n tile  p a r a ­
m e te r s  t o  t h o s e  o f  th e  E p p le y  c u r v e  in d ic a te s  th a t  
th e  in te r c e p t  o f  th e  9 9 th(LPD) q u a n t i le  is  s ig n if ic a n t ly  
g rea ter  th a n  th a t  o f  th e  E p p le y  cu r v e  ( t  — 3 .2 0 , d f  =
1 .4 9 9 , p  <  0 .0 1 ). F u r th erm o re , a t te m p e r a tu r e s  b e lo w  
19°C , th e  E p p ley  cu r v e  fa lls  b e lo w  th e  lo w e r  95%  C l  
a ss o c ia te d  w ith  th e  9 9 th(LPD) q u a n tile  (F ig . 3 B ). H o w e v e r ,  
th e  s lo p e  o f  th e  9 9 th, LPD) q u a n tile  is n o t  s ig n if ic a n tly  
d ifferen t fr o m  th a t  o f  th e  E p p ley  c u rv e  ( t  =  0 .5 3 , d f  =
1 .4 9 9 , p  >  0 .0 1 ) . T h e  s lo p e  a n d  in te r c e p t o f  th e  9 9 th(43% D) 
q u a n tile  are n o t  s ig n if ic a n tly  d ifferen t fr o m  th o s e  o f  th e  
E p p le y  c u rv e  ( t  =  1 .0 5 , d f  =  8 26 , p  >  0 .0 1 , a n d  t  =  2 .0 8 , d f  
=  8 2 6 , p  >  0 .0 1 , r e sp e c t iv e ly ), or th e  9 9 th(LPD) q u a n tile  ( t  =  
0 .9 7 , d f  =  2 3 2 5 , p  >  0 .0 1 , a n d  t  =  0 .6 6 , d f  =  2 3 2 5 , p  >  
0 .0 1 , r e sp ec tiv e ly ).
T h e  Q i 0 v a lu e  o f  th e  9 9 th(LPD) q u a n tile  (1 .8 8 )  is  id e n tic a l  
to  th a t  o f  th e  E p p le y  cu rv e , w h erea s  th e  Q \o  v a lu e  o f  th e  
9 9 th(43% D) q u a n tile  is  1 .68 . T h e  lo g - tr a n s fo r m e d  s lo p e  a n d  
in tercep t p a ra m eter  e s t im a te s  o f  th e  r e d u ced  ( < 2 9 ° C )  d a ta  
se t are  n o t  s ig n if ic a n tly  d ifferen t ( t  =  0 .2 4 , d f  =  2 9 5 3 , p  >  
0 .0 1 , a n d  t  =  0 .1 8 , d f  =  2 9 5 3 , p  >  0 .0 1 , r e sp e c tiv e ly ) fr o m  
th o s e  o f  th e  fu ll d a ta  set.
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Table 1. 99th regression quantile slope parameter estim ates and associated statistics for the L iverpool phytoplankton  (L P D ) data  
sets. The param eter values are calculated to  a confidence level o f  a =  0.05, and n >  5/(1 — q ) represents the m inim um  recom m ended  
sample size at the specified quantile (Rogers 1992). N o te  that the 43% D  slope estim ate and ±95%  C l represent the m ean value o f  
30 subsamples.
D ata set n « > 5 /(1  — q) Estim ate -9 5 %  C l +95% C l
LPD 1,501 500 0.0631 0.0535 0.0721
43% D 828 500 0.0518 0.0259 0.0668
Discussion
U sin g  q u a n tile  r e g r e ss io n , w e  r e c o g n iz e d  th a t  th e  E p p le y  
cu rve  c o u ld  b e  im p r o v e d  u p o n . T o  th is  en d , w e  d e r iv e d  a  
n e w  e x p o n e n t ia l  f u n c t io n  fo r  m a r in e  p h y t o p la n k t o n  
g r o w th  ra te s  a s  a  fu n c t io n  o f  te m p era tu re  u s in g  th e  
L iv e r p o o l p h y to p la n k to n  d a ta b a se  (L P D ) , a n d  w e  c o m ­
p ared  it to  th a t  d e r iv e d  b y  E p p le y  (1 9 7 2 ) . H o w e v e r , th e  
d a ta  se t c o m p ile d  b y  E p p le y  (1 9 7 2 ) d id  n o t  fu lf il  th e  
m in im u m  s iz e  r e c o m m e n d a t io n s  o f  R o g e r s  (1 9 9 2 )  fo r  
ca lcu la tin g  th e  9 9 th q u a n ti le  w ith  c o n fid e n c e . C a lc u la t in g  
ex trem e q u a n tile s  w ith  a  sm a ll sa m p le  size  m a y  le a d  to  a  
lim ited  n u m b er  o f  r e s id u a ls , w h ic h  ren d ers m e th o d s  fo r  
ca lcu la tin g  s ta n d a r d  erro rs u n r e lia b le  (R . K o e n k e r  p ers. 
c o m m .) . C o n se q u e n t ly , it  w a s  n o t  p o ss ib le  to  p r o v id e  error  
estim a tes  fo r  th e  E p p le y  cu rv e  u s in g  q u a n tile  reg ress io n . 
N e v e r th e le ss , th e  v is u a l f it  o f  th e  9 9 th(E) q u a n tile  to  th e  
o r ig in a l E p p le y  (1 9 7 2 )  cu rv e  (F ig . 3 A ) su g g e s ts  th a t  th e  
E p p ley  cu rve  is  a  g o o d  e s t im a te  o f  th e  e d g e  o f  th e  d a ta . 
F u rth erm o re , th e r e  is n o  s ig n if ic a n t  d ifferen ce  b e tw e e n  th e  
lo g -tr a n sfo r m e d  s lo p e s  o f  th e  L P D  a n d  th e  E p p le y  cu rv e , 
in d ica tin g  e q u iv a le n c e  in  g i o  v a lu e s  (1 .8 8 )  a n d  su g g e s t in g  
th a t th e  E p p le y  c u r v e  h a s  b e e n  a n  a p p r o p r ia te  e s t im a te  o f  
th e  th erm a l s e n s it iv ity  o f  p h y to p la n k to n  g r o w th  ra tes . T h is  
resu lt su p p o r ts  a n d  c o m p le m e n ts  s tu d ie s  th a t  d e m o n s tr a te  
fu n d a m e n ta l d if fe r e n c e s  in  g r o w th -r a te  th e r m a l se n s it iv ity  
b etw een  h e te r o tr o p h s  a n d  p h o to tr o p h s  (A lle n  e t  a l. 2005; 
L o p e z -U r r u tia  e t  a l. 2 0 0 6 ; R o s e  a n d  C a r o n  2 0 0 7 ) , a n d  it 
sh o u ld  a lso  rea ssu re  th o s e  w h o  h a v e  u se d  th e  (9io v a lu e  o f  
1.88 in  m o d e ls  o v e r  th e  la s t  35  yr.
T h e s ig n if ic a n t  d if fe r e n c e  b e tw e e n  th e  in te r c e p t o f  th e  
lo g -tr a n sfo r m e d  9 9 th(LPD) a n d  th e  E p p ley  cu r v e  su p p o r ts  
stu d ies th a t su g g e s t  th a t  th e  E p p le y  cu rv e  is  to o  lo w  (e .g ., 
B ru sh  et a l. 2 0 0 2 ) . H o w e v e r , in  o u r  n e w  r e la t io n sh ip  
(E q . 2 ), th e  in te r c e p t  v a lu e  (0 .8 1 )  is lo w e r  th a n  th e  v a lu e  
(0 .9 7 ) d er iv ed  b y  B r u sh  e t  a l. (2 0 0 2 ) . W e  su g g e s t th a t  th is  
d iscrep a n cy  is  d u e  t o  th e  d ifferen t m e th o d o lo g ie s  a d o p te d  
in  d e fin in g  th e  e d g e  o f  th e  u p p e r  e n v e lo p e . In  th e ir  a n a ly s is , 
B ru sh  et a l. (2 0 0 2 )  a d o p te d  th e  sa m e  s lo p e  v a lu e  a s E p p le y  
(1 9 7 2 ) a n d  d e te r m in e d  th e  u p p e r  e d g e  o f  th e ir  d a ta  b y  ey e . 
A s  d iscu ssed  ea r lier , in  r e la t io n  to  E p p ley  (1 9 7 2 ) , th ere  are  
p o ss ib le  p r o b le m s  w ith  th is  a p p r o a c h , e .g ., th e  su b jec tiv ity  
in v o lv e d  a n d  t h e  la c k  o f  q u a n t i t a t iv e  m e a s u r e s  o f  
re liab ility .
C o n s tr u c t io n  o f  th e  L P D  s u b s e t  c o n t a in in g  43 %  
d ia to m s, i.e .,  a n  e q u iv a le n t  p r o p o r t io n  to  th a t  o f  E p p le y  
(1 9 7 2 ), a llo w e d  u s  to  fu rth er  in v e s t ig a te  w h e th e r  d ifferen ces  
b etw een  th e  L P D  e n v e lo p e  a n d  th e  E p p ley  cu rv e  c o u ld  b e
a ttr ib u te d  to  th e  g rea ter  p er c e n ta g e  o f  d ia to m s  in  th e  L P D ,  
s in c e  d ia t o m s  ty p ic a l ly  h a v e  d is p r o p o r t io n a t e ly  h ig h  
g r o w th  ra tes (F u r n a s  1990). H o w e v e r , b e c a u se  th ere  w ere  
n o  s ig n ific a n t d iffe r e n c e s  b e tw e e n  th e  in te r c e p ts  o f  the  
9 9 th(43% D) q u a n t i le  a n d  th e  9 9 th(LPD) q u a n t i le ,  th e  
d iss im ila r it ie s  b e tw e e n  th e  E p p ley  cu r v e  a n d  th e  99 th(I P n , 
q u a n tile  c a n n o t  b e  s o le ly  a ttr ib u ta b le  to  d iffe r in g  p r o p o r ­
t io n s  o f  d ia to m s  in  th e  tw o  d a ta  se ts . C o n se q u e n t ly , th e  
L P D  fu n c t io n  (E q . 2 ) is  an  a p p r o p r ia te  m o d e l w h e n  a 
s in g le  th e o r e t ic a l m a x im u m  fu n c t io n  is  r eq u ired , e .g .,  w h en  
th e  o n ly  d a ta  a v a ila b le  a re  b io m a s s ,  o r  C h i a  a n d  
tem p era tu re .
A  g o o d  e x a m p le  o f  w h ere  a  s in g le  te m p e r a tu r e  fu n c t io n  
h a s  b e e n  re p e a te d ly  e m p lo y e d  is  in  p e la g ic  e c o sy s te m  
m o d e ls  (e .g ., B a lch  a n d  B y rn e  1994; A n to in e  et a l. 1996; 
S h a rp ie s  e t  a l. 2006). T o  a sse ss  th e  e x te n t  to  w h ic h  o u r  
fu n c t io n  m a y  a lter  m o d e l resu lts , w e  c o m p a r e d  th e  o u tp u t  
o f  o n e  te m p e r a te  s h e lf - s e a  e c o s y s te m  m o d e l (S h a rp ies  
e t  a l. 2006) u s in g  o u r  n e w  fu n c t io n  a n d  th a t o f  E p p ley  
(1972). T h is  s im p le  a n a ly s is  su g g e s ts  th a t  m o d e ls  th a t  
in c o r p o r a te  th e  E p p le y  fu n c t io n  m a y  u n d e r e s t im a te  p r im a ­
ry  p r o d u c t io n  in  c o o le r  te m p e r a te  w a te r s  b y  —30% . T h is  
u n d e r e st im a te  a p p lied  to  b o th  th e  99 th(LPD) q u a n tile  an d  
th e  99 th(43% D) q u a n tile , sin ce  th e s e  tw o  r e sp o n se s  are  
s im ila r  a t  lo w e r  tem p era tu res  (F ig . 3 C ). C o n se q u e n tly , 
a sse ssm e n ts  o f  th e  th e r m a l in f lu e n c e  o f  p r im a ry  p r o d u c tio n  
o n  e c o sy s te m  serv ices  su c h  as o x y g e n  p r o d u c t io n , ca r b o n  
se q u e s tr a tio n , a n d  b io g e o c h e m ic a l c y c lin g  m a y  a lso  req u ire  
r ev is io n .
O u r  a n a ly s is  o f  th e  in f lu e n c e  o f  d ia to m  p e rcen ta g e  
a b u n d a n c e  o n  th e  u p p er  e n v e lo p e , a n d , in  p a r ticu la r , th e  
d if fe r e n c e s  in  s lo p e  p a r a m e te r  e s t im a te s  b e tw e e n  th e  
99th(43%D) q u a n tile  a n d  th e  99 th(LPD) q u a n tile  (T a b le  1), 
in d ic a te s  h o w  o th e r  v a r ia b le s  m a y  b e  in c o r p o r a te d  in to  a 
m o r e  a c c u r a te  m o d e l. S ize  (S a v a g e  e t  a l. 2 0 0 4 )  a n d  
ta x o n o m ic  a ff il ia t io n  (B a n se  1982), fo r  e x a m p le , m a y  
e x p la in  m u c h  o f  th e  r e m a in in g  v a r ia t io n  in  /;max a m o n g  
p h y to p la n k to n . B u ild in g  o n  o u r  re v ise d  g en era l g ro w th  
r a te - te m p e r a tu r e  r e la t io n sh ip , w e  are  cu rren tly  d e v e lo p in g  
n e w  p red ic t iv e  m o d e ls , u s in g  th e  L P D , th a t  in c o r p o r a te  
th ese  a n d  o th er  v a r ia b le s , su ch  as c o m m u n ity  c o m p o s it io n  
a n d  h a b ita t.
F in a lly , in  th is  s tu d y , w e  c o n c e n tr a te d  o n  p r o d u c in g  a 
r e la t io n sh ip  th a t  is d irec tly  c o m p a r a b le  to  th e  E p p ley  
cu rv e , b u t w e  a c k n o w le d g e  th a t th ere  are lim ita t io n s  w ith  
th e  a p p lic a b ility  o f  th is  fu n c t io n  in  w a r m  or o lig o tr o p h ic  
o c e a n ic  a r e a s , w h e r e  th e  m a x im u m  g r o w th  r a te s  o f  
p h y to p la n k to n  m a y  a lw a y s  b e  lim ite d  b y  fa c to rs  o th er
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h a n  tem p eratu re. F u r th e r m o r e , th is  a n a ly s is  h a s h ig h lig h t-  
d  t w o  issu es th at n e e d  to  b e  a d d r e sse d  in  th e  fu tu re . F ir st , 
/h i le  o u r  an a lysis o f  th e  r e d u c e d  d a ta  se t ( < 2 9 ° C )  in d ic a te s  
h a t th e  u se  o f  th e  fu ll  d a ta  se t  to  d e term in e  th e  u p p er  
n v e lo p e  is va lid , w e  n o t e  th a t  th e  r e la t io n sh ip  is  n o t  
x p o n e n t ia l  a t very  h ig h  te m p e r a tu r e s . W e  w ill a d d ress  th e  
h a p e  o f  th e  m a x im u m  e n v e lo p e  in  fu tu re  m o d e ls , a n d  w e  
a u t io n  a g a in s t u s in g  o u r  e x is t in g  m o d e l (E q . 2 )  a t  
e m p e r a tu r e s  > 2 9 ° C .  S e c o n d , a  Q l0  value o f  1 .8 8  is  
o m e w h a t  h igher th a n  p r e d ic te d  b y  th e  m e ta b o lic  th e o r y  
if  e c o lo g y  (B ro w n  e t  a l. 2 0 0 4 ; A lle n  e t  a l. 2 0 0 5 ) , w h ic h  
;ives a  Q w  va lu e  o f  b e tw e e n  1 .6 2  ( fo r  0 -1 0 ° C )  a n d  1 .5 2  (fo r  
;0 -3 0 ° C ) , derived fr o m  a  p r e d ic te d  a c t iv a t io n  e n e r g y  o f  
i .3 2 e V  fo r  ra tes c o n t r o l le d  b y  p h o t o s y n t h e s i s .  T h is  
lisc r e p a n c y  c learly  m e r its  fu r th e r  scru tin y .
In  c o n c lu s io n , w h ile  r e c o g n iz in g  th e  u tility  a n d  r o b u st-  
ie s s  o f  th e  E pp ley  c u r v e  o v e r  th e  la s t  35  yr , th e  q u a n tita t iv e  
n e a su r e s  o f  re lia b ility  a s s o c ia te d  w ith  o u r  L P D  fu n c t io n  
E q . 2 ) sh o u ld  g ive  u se r s  g rea ter  c o n f id e n c e  in  its  v a lu e  a n d  
u ita b il ity  in  s itu a tio n s  w h e r e  a  s in g le  e x p o n e n tia l g r o w th -  
a te  re la tio n sh ip  is so u g h t .
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Short-term temperature change may impact freshwater 
carbon flux: a microbial perspective
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Abstract
Small freshwater bodies are abundant and economically and ecologically important on a 
global scale. Within these, protozoa play an important role in structuring planktonic food 
webs and sequestering CO2. We hypothesized that short-term (~20 days) fluctuations, of 
2-10 °C, will significantly alter carbon flux associated with predator-prey interactions 
within the microbial planktonic food web. We examined the model ciliate, U r o tr ic h a  
f a r c ta ,  which is abundant and common; it was fed the autotrophic flagellate C ry p to m o n a s  
sp., which is also common. Laboratory experiments were conducted over relevant ranges:
8-24 °C; 0-2 x  105 prey mL-1. Mechanistic-phenomenological multiple regressions were 
developed and fit to the data to obtain relationships for (1) growth rate and volume 
changes of the flagellate vs. temperature and (2) growth rates, grazing, and cell volume 
change of the ciliate vs. temperature and prey concentration. Responses revealed 
interaction between temperature and prey levels on all ciliate parameters, indicating it 
is inappropriate to apply simple temperature corrections (e.g. Q 10) to such functions. The 
potential impact of such temperature changes on carbon flux was illustrated using a 
simple ciliate-flagellate predator-prey model, with and without the top grazer, D a p h n ia ,  
added. The model indicated that predator-prey pulses occurred over 20 days, with the 
ciliate controlling the prey population. For ciliates and prey, carbon production peaked at 
20 °C and rapidly decreased above and below this maximum; differences between 
minimum and maximum were approximately fourfold, for both prey and ciliate, with 
low levels at 25-30 °C and 10-15 °C. Including literature data to parameterize, the 
influence of the grazer D a p h n ia  did not alter the prediction that the ciliate may control 
short-term flagellate pulses and temperature will influence these in a nonintuitive 
fashion.
K eyw ords: e p is o d ic  sh if t, m ic ro b ia l fo o d  w e b  p la n k to n
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Introduction
B ecau se o f  th e ir  h ig h  p ro d u ctiv ity , fresh w a ters , g lo b a lly  
and locally , ca n  p la y  a sig n ifica n t role in  p r o c e ss in g  and  
seq u ester in g  a tm o sp h e r ic  carbon  (e.g. Sch in d ler , 1978; 
O 'S u llivan  & R e y n o ld s , 2003). Specifica lly , in  th ese  
sy stem s, th e  p e la g ic  fo o d  w e b  in flu en ces  carbon  flux  
b y  fix in g  a n d  r e le a s in g  w a ter  co lu m n  C O 2 an d  m ed ia t­
in g  carbon  lo s s e s  th ro u g h  sed im en ta tio n  a n d  resp ira ­
tion  (F lanagan  e t  a l., 2006). S uch  fresh w a ters rep resen t  
~3%  o f  th e  terrestr ia l su rface  (D o w n in g  e t  a l., 2006),
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w ith  m u c h  h ig h er  co n tr ib u tio n s  in  so m e  reg io n s  (e.g. 
n orth ern  tem p era te  N o r th  A m erica  a n d  E urope), an d  it 
is  n o te w o r th y  that > 7 .2  m illio n  o f  th ese  w a ter  b o d ie s  
are sm a ll, h a v in g  a su rface  o f  0 .01-0 .1  k m 2 (R ey n o ld s , 
2003). A s  m a n y  o f th ese  w ill  h a v e  su b stan tia l eco n o m ic  
a n d  so c ia l im p o rta n ce  a n d  are an  in tim a te  lin k  to  w e t­
la n d  a n d  terrestrial e c o sy s te m s  (M oss, 1998; O 'S u lliv a n  
& R ey n o ld s , 2003), th ere  is  stro n g  im p e tu s  to  s tu d y  
th em .
C lim a te  ch a n g e  w ill  ra ise  th e  a v era g e  tem p era tu re  o f  
sm a ll w a ter  b o d ie s , fo l lo w in g  p red icted  lo n g -term  
in crea ses (3 -6  °C o v er  th e  n ex t cen tury; H o u g h to n , 
2005), b u t o f  m o re  im m e d ia te  im p a ct is  th e  p red ic ted  
in crea se  in  in ten sity  a n d  freq u en cy  o f  sh ort-term  varia ­
1
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tio n s, d u e  to  g lo b a l w a r m in g  (H o u g h to n , 2005). 
Furtherm ore, sh o rt-term  w a r m in g  ev e n ts  c a u sed  b y  
oth er  g lobal p r o c e sse s  su c h  as th e  N o rth  A tla n tic  O s­
cilla tion  w ill a lter  th e  tem p era tu re  o f sm a ll w a ter  b o d ie s  
(e.g . G erten & A d r ia n , 2000). T h u s, large lakes are lik e ly  
to  change s lo w ly , b u t  for  sm a ll w a ter  b o d ie s  a n d  the  
p rod u ctive  s h a l lo w  re g io n s  o f  larger lak es, tem p era ­
tures w ill r e sp o n d  r a p id ly  to  air tem p eratu re (C arp en ­
ter et al., 1992), a n d  e p iso d ic  ch a n g es  in  w a ter  
tem perature b y  > 5 ° C  o v e r  1 -2  w e e k s  m a y  b e  m o re  
co m m o n  (see  M cK ee  e t  a l., 2000 for an  ex a m p le  o f th e  
p resen t p rev a len ce  o f  >  5 °C p u lse s  in  tem p era te  sm a ll 
w ater  b od ies). In r e sp o n se  to th is  p red ictio n , w e  h a v e  
h y p o th es ized  th at sh o rt-term  flu ctu a tio n s, o n  th e  ord er  
o f  2 -1 0  °C, w ill su b s ta n tia lly  in flu en ce  p o p u la tio n  d y ­
n a m ics and  ca rb o n  flu x  in  a m ajor co m p o n en t o f  the  
biota  of sm all w a te r  b o d ies: p red a to r -p rey  in tera ctio n s  
w ith in  the m icro b ia l p la n k to n ic  fo o d  w eb .
Freshw ater e c o s y s te m  stu d ie s  h a v e  ten d ed  to  fo cu s  
on  the c lassica l fo o d  w eb : th e  lin k  b e tw e e n  p rim ary  
p rod u ction  a n d  z o o p la n k to n , su ch  as D aph n ia  (Jürgens, 
1994). There is , h o w e v e r , a g r o w in g  reco g n itio n  th at the  
m icrobial fo o d  w e b , o ften  d o m in a ted  b y  p r o to z o o ­
p lankton  g razers, p la y s  a sig n ifica n t ro le  in  th e se  s y s ­
tem s (e.g. R iem a n n  & C h risto ffersen , 1993; Jürgens, 
1994; W eisse, 2003); th ro u g h  it m u ch  o f th e  organ ic  
m atter p ro d u ced  b y  p h y to p la n k to n  p a sse s  to  fla g e lla tes  
an d  ciliates (A z a m  e t  a l., 1983; Porter e t a l., 1988), w ith  
c ilia tes h a v in g  a k e y  ro le  in  sh a p in g  fo o d  w e b  structure  
(Z in gel et a l., 2007). U n lik e  m o st m eta zo o p la n k to n , 
c ilia tes h a v e  in h e r e n tly  ra p id  g ro w th  rates, o ften  e x ­
ceed in g  th o se  o f  th e ir  p rey  (W eisse, 2006). T here is  g o o d  
ev id en ce  that m a n y  o f  th e  p la n k to n ic  c ilia tes  re sp o n d  
ra p id ly  to in crea ses  in  p r e y  a b u n d a n ce  (e.g . M o n ta g n es , 
1996), and sh o rt-term  p u ls e s  o f  a fe w  sim ilar  sp e c ie s  (or 
v irtu a lly  m o n o sp e c ific  p u lse s )  can  occur, w h e n  p rey  
b eco m e a b u n d a n t (e .g . M ü ller  e t  a l., 1991; W ilson , 
2002, see  'D iscu ss io n ') . S u ch  rap id  in crea ses m a y  occu r  
w h e n  prey p o p u la t io n s  are s tim u la ted  to  g ro w  (e.g . b y  
b rief increases in  tem p era tu re). T h is co m p o n en t o f  the  
m icrobial fo o d  w e b  m a y  th en  b e  lin k ed  to the c la ssica l 
fo o d  w eb  th ro u g h  z o o p la n k to n  grazers su ch  as D a p h n ia  
(Jürgens, 1994), a s  lo c a liz e d  in crea ses in  p ro to zo a  m a y  
act as d iscrete r e g io n s  o f  im p ro v ed  n u trition a l resource.
A s grow th  o f  th e  p ro tista n  co m p o n e n t o f  fo o d  w e b s  
w ill respond  m o r e  r a p id ly  than  the m eta zo a n  c o m p o ­
n en ts  to tem p era tu re  ch a n g e , it s e e m s p ru d en t to  co n ­
sid er  lo ca lized  p ro tista n  p r e d a to r -p rey  d y n a m ics  w h e n  
a sse ss in g  te m p era tu re -in d u ced  ch a n g es  in  aq u atic  car­
b o n  flux, e sp e c ia lly  if  th e se  tem p eratu re effec ts  are  
extrem e an d  su ff ic ie n tly  sh ort-term  to  n ot p ro p a g a te  
u p  the food  w eb . In gen era l, w e  k n o w  tem p eratu re  h as  
a num ber o f  p r o n o u n c e d  effects  on  protists. T heir ce ll 
s iz e  (and p r e su m a b ly  carbon  content; se e  M en d en -
D eu er  & L essard , 2000) d ecrea ses  w ith  in crea s in g  te m ­
p eratu re b y  ~2 .5%  o f  th eir  s iz e  at 15 °C for an  in crease  
o f  1 C (i.e. c e ll carbon  co n ten t m a y  d ec r e a se  b y  25%  
o v er  10 °C; A tk in so n  e t a l., 2003). T em perature a n d  p rey  
con cen tra tio n s a lso  h a v e  u n e x p ec ted , in tera ctiv e  e ffects  
o n  th e  g ro w th , p ro d u ctio n , a n d  p o p u la tio n  d y n a m ic s  o f  
p ro to zo a  an d  th eir  p rey  (W eisse  e t a l., 2002; K im m a n ce  
e t a l., 2006), p la c in g  in to  q u est io n  th e  ty p ica l a p p lica tio n  
o f  Q 10 as a p a ram eter to  in d e p e n d e n t ly  p red ic t  th erm al 
se n s it iv it ie s  (M o n ta g n es  & L essard , 1999; M o n ta g n es  
e t a l., 2003; K im m a n ce  e t  a l., 2006). H ere , w e  ex ten d  
th ese  w o rk s b y  tak in g  an in d u c tiv e  a p p ro a ch  and  
esta b lish  a ser ie s  o f  ca refu lly  d e term in ed  r e sp o n se s  for  
a s in g le  h ig h ly  re lev a n t sp e c ie s  that is  a 'typ ica l' fresh ­
w a ter  p ro to zo a n  (F o issn er  e t a l., 1999). T h en  to  illu stra te  
th e  p o ten tia l im p o rta n ce  o f  th ese  m o n o sp e c ific  p u lse s , 
fo llo w in g  th e  e x a m p le  o f  o th ers (e .g . D a v id so n , 1996; 
S h ertzer e t a l., 2002; F u lton  e t a l., 2003), w e  a p p ly  ou r  
r esp o n ses  to  an  ex p lo ra tio n  o f  p r e d a to r -p r e y  d y n a m ic s , 
u s in g  a fo c u se d , m in im iz e d  m o d e l. C learly, th e  im p a ct  
o f  th ese  c h a n g e s  m a y  e v e n tu a lly  p ro p a g a te  th ro u g h  the  
fo o d  w e b  an d  alter p o p u la tio n  a n d  c o m m u n ity  d y ­
n a m ics an d  carbon  flux. H o w ev er , co n stru c tin g  a fu ll 
fo o d  w e b  m o d e l is  n o t ou r in ten t, in s tea d  w e  a p p ly  a 
p r e d a to r -p r e y  m o d e l to  e m p h a s iz e , at a g en era l lev e l, 
th at in c lu d in g  th e se  d y n a m ic s  w ill  s ig n ific a n tly  alter  
est im a tes  o f  carbon  flux; th en  w e  d is c u ss  th e  u s e  and  
lim ita tio n s o f ou r  r e sp o n ses  as a p red ic tiv e  too l. Such  
in teg ra tio n  o f lab oratory  w o rk  a n d  fu n d a m en ta l p o p u ­
la tion  m o d e llin g  is  u n c o m m o n  in  a s in g le  s tu d y ; h ere  
w e  illu stra te  h o w  it can  b e  an  im p ortan t, itera tiv e  step  
b efo re  d e v e lo p in g  m o re  co m p lex  fo o d  w e b  m o d e ls .
Specifica lly , in  th e  lab oratory  w e  e x a m in ed  r e sp o n se s  
o f  the m o d e l c ilia te , U ro tr ich a , w h ich  o ccu rs th ro u g h o u t  
th e  year, a n d  is  a b u n d a n t, in  o lig o tro p h ic  to  h y p er­
trop h ic  tem p erate , b orea l, a n d  su b tro p ica l p o n d s , lakes, 
an d  rivers (F o issn er e t a l., 1999; W eisse  e t a l., 2001). T he  
c ilia te  w a s  ra ised  on  th e  fla g e lla te  C ry p to m o n a s  sp ., 
w h ic h  is  a lso  co m m o n  in  a m u ltitu d e  o f  fresh w ater  
en v iro n m en ts  (Som m er, 1986; D o k u lil, 1988; P ed rös-  
A liö  e t a l., 1995) an d  is  u se d  a s a sta n d a rd  fo o d  in  
ex p er im en ts  w ith  c ilia tes  (M ü ller  & G eller, 1993; W eisse  
& M o n ta g n es , 1998; M ü ller  & S ch leg e l, 1999; M o n ta g n es  
& W eisse , 2000). U s in g  th ese  lab oratory  d a ta  w e  first 
d e v e lo p  an d  ev a lu a te  r e sp o n ses  o f  h o w  tem p eratu re  
a n d  p rey  co n cen tra tio n  in f lu en ce  th e  g ra z in g , g ro w th , 
an d  ce ll v o lu m e  o f  th e  c ilia te  a n d  th en  w e  u s e  th ese  
r esp o n ses  to in d ica te  h o w  tem p eratu re  m a y  alter short­
term  (20 d a y s) carbon  flu x  in  a c il ia te -fla g e lla te  
p red a to r -p rey  m o d e l. F inally, r e c o g n iz in g  th at both  
U rotrich a  a n d  C ry p to m o n a s  fit in to  th e  c la ss ica l food  
w e b , a n d  m a y  b e  e x p o se d  to  to p -d o w n  co n tro l b y  
m e ta zo o p la n k to n  (W eisse, 2003, 2006), w e  u s e  literature  
p aram eters to  ex p lo re  th e  in f lu en ce  o f  a d d in g  th e  grazer
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D aphnia  to  o u r  m o d e l. T herefore, w e  h a v e  fo c u se d  
o n  an  en erg etica lly  im p o rta n t m o d e l sy s te m  to  p r o v id e  
in sigh ts b y  h ig h lig h t in g  th e  tem p era tu re  s e n s it iv ity  
o f  p red a to r -p rey  d y n a m ic s  w ith in  th e  m icro b ia l 
fo o d  w eb.
Materials and methods
S tu d y  o rg a n ism s
T he p ro sto m a tid  c ilia te  U ro tr ich a  farc ta  (~ 2 5  pm ) w a s  
iso lated  fro m  th e  m e so tr o p h ic  L ake S ch o h see , G erm a n y  
(W eisse & M o n ta g n e s , 1998). T h e p rey  f la g e lla te  C ry p -  
tom onas sp . stra in  26.80  ( ~ 1 0  pm ) w a s  o b ta in ed  fro m  th e  
C ulture C o lle c t io n  o f  A lg a e  in  G o ttin g en  (G erm any). 
Both the c ilia te  a n d  p rey  w e r e  m a in ta in ed  in  m o d ifie d  
W oods H o le  m e d iu m  (M W C  m e d iu m , G u illard  & Lor- 
en zen , 1972) a t 15 ±  1 °C, th ro u g h o u t a ll ex p er im en ts . 
C ultures w e r e  n o t a x en ic , b u t U . farc ta  d o e s  n o t feed  o n  
bacteria if  su ita b le  f la g e lla te s  are  a b u n d a n t (W eisse  
e t a t., 2001). F or a ll e x p er im en ts , b o th  c ilia te  a n d  fla g e l­
late cu ltures w e r e  h a rv ested  in  ex p o n en tia l p h a se .
P h y to p la n k to n  (p r e y )  re sp o n se  to  te m p e ra tu re
To d eterm in e  h o w  tem p era tu re  a ffected  th e  p r e y -sp e c i­
fic grow th  rate  a n d  ce ll v o lu m e , batch  cu ltu res w e r e  
m aintained  at 12 tem p era tu res (see  Fig. 1) at a c o n tin ­
u o u s irrad iance o f  ~ 5 5  p m o l p h o to n s  m ' 2 s ' 1; cu ltu res  
w ere  su sp e n d e d  in  d o u b le  g la z e d , c o o le d  or h ea ted  
w ater baths th a t m a in ta in ed  tem p era tu res ±  1 °C. B e­
fore ex p er im en ts, cu ltu res  w e r e  acc lim a ted  to  th e  e x ­
perim ental c o n d it io n s  for e ig h t g en era tio n s. T h en  
specific  g ro w th  rate (pp, d a y ' 1) w a s  d e term in ed  d u r in g  
exp on en tia l g r o w th  p h a se  from  m ea su rem en ts  m a d e  
over 3-5  d a y s , fro m  th e  s lo p e  o f  In a b u n d a n ce  v s . tim e; 
note p o p u la tio n  d e c lin e  at lo w  tem p era tu res w a s  a s ­
su m ed  to b e  a p e r  c a p ita  rate (i.e. in  th ese  ca se s  pp <  0; see  
M ontagnes, 1996). A b u n d a n c e  w a s  d e term in ed  o n ce  
per d a y  fro m  L u g o l's  fix ed  sa m p le s  (2% v / v ) ,  en u m er­
ated  in a  S e d g e w ic k -R a fte r  cham ber. C ell v o lu m e  
w a s d eterm in ed  from  len g th  a n d  w id th  m ea su rem en ts  
o f 30 live, e x p o n e n tia l-p h a se  ce lls , a s su m in g  a pro la te  
spheroid  sh a p e . P rey  ce ll v o lu m e s  w e r e  co n v erted  
to  carbon (C) fo l lo w in g  C (p g ) =  0.2161/0939, w h ere  
V  is cell l iv e -v o lu m e  (p m 3) (M en d en -D eu er  & L essard ,
2000).
C ilia te  re sp o n se  to  p r e y  a n d  te m p e ra tu re
C iliate stock  c u ltu res  w e r e  m a in ta in ed  at 15 °C. O ver  
5 -7  days, c ilia te s  a n d  p rey  w e r e  s te p -w ise  (u p  to  
3 ° C d a y _1) a cc lim a ted  to  ex p er im en ta l p r e y  le v e ls  an d  
six  tem p eratu res (se e  F ig. 2) at 70 p m o l p h o to n s  m  2 s ' 1;
Fig. 1 T he effect o f te m p e ra tu re  o n  specific  g ro w th  ra te  (a) a n d  
cell v o lu m e  (b) o f th e  flagella te  Cryptomonas sp . P o in ts  re p re se n t 
g ro w th  ra te  o r  cell v o lu m e  m easu rem en ts . The line  is th e  fit of 
E qn  (4) (a) a n d  a s tra ig h t lin e  (b) to  th e  d a ta ; see Table 1 fo r the  
p a ram e te rs  o f th ese  fits a n d  e stim ates o f th e ir  error.
th e se  ex p e r im e n ts  w e r e  run  in  in cu b ators that m a in ­
ta in ed  tem p era tu res  ±  0.5 °C. P rey  le v e ls  w e r e  m o n i­
tored  w ith  an  e lec tro n ic  p artic le  co u n ter  d u r in g  th e  
a cc lim a tio n  p er io d , a n d  cilia tes  w e r e  reg u la r ly  fed  to  
m a in ta in  fo o d  le v e ls . P rey  le v e ls  w e r e  m a in ta in ed  in  
ex p o n en tia l p h a se  u n d e r  th e  sa m e  tem p era tu re  c o n d i­
tio n s as th e  c ilia tes.
A fter  a cc lim a tio n , c ilia tes  w e r e  in o cu la ted  in to  fla sk s  
co n ta in in g  a cc lim a ted  p rey  at con cen tra tio n s ra n g in g  
from  1.0 x l O 4 to  2 .5 x l O s m L '1 at 70 p m ol p h o to n s  
m “ 2 s _1. In itia l co n cen tra tio n s o f  c ilia tes  ra n g ed  fro m  
3.0 x 102 to 7 . 4 x l 0 3 m L '1 b u t in  m o st ex p er im en ts  
w e r e  in itia ted  a t 5 .0  x 102-1 .0  x 103 m L _1. C on tro ls  
for p rey  g r o w th , w ith o u t  c ilia tes , w e r e  run at p rey  
a n d  lig h t le v e ls  id en tica l to th e  c il ia te -p r e y  treatm ents. 
A ll cu ltu res w e r e  m a in ta in ed  for  24  h  a t each  tem p era ­
ture. A fter  12 a n d  24 h , p rey  n u m b ers  w e r e  a d ju sted  
w ith  tem p era tu re-a cc lim a ted  p r e y  or m e d iu m  a lo n e  
if  th e y  d e v ia te d  fro m  th e  target le v e ls  b y  > 20% . T he  
ex p er im en ta l in cu b a tio n  b eg a n  im m e d ia te ly  after  
th is  re-a d ju stm en t o f  p rey  co n cen tra tio n s an d  la s ted  
24  h. E ach trea tm en t w a s  ru n  w ith  three to  fiv e  
rep licates.
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S a m p les  w e r e  ta k en  a t 6 -1 2  h  in terv a ls  a n d  fixed: for  
f lo w  cy to m etr ic  a n a ly se s  sa m p le s  w e r e  fix ed  w ith  for­
m a lin  (2% v /v ) ;  for  m icro sco p ic  a n a ly se s  sa m p le s  w e r e  
fix ed  w ith  a c id  L u g o l's  (as a b o v e). P rey  a n d  cilia te  
n u m b ers  w e r e  d e term in ed  b y  f lo w  cy to m e tr y  a cco rd in g  
to  o u r  p u b lish e d  p ro to co ls  (L in d stro m  e t a l., 2002; 
W eisse  e t  a l., 2002) or c o u n te d  m icro sco p ic a lly  (as 
a b o v e).
C ilia te  v o lu m e s  w e r e  d e term in ed  fro m  len g th  an d  
w id th  m ea su rem en ts , a s su m in g  a p ro la te  sp h ero id  
sh a p e , o n  > 5 0  e x p o n e n tia l p h a se  c ilia te s  o b ta in ed  at 
th e  e n d  o f  th e  ex p er im en t, fro m  ea ch  treatm en t. C ilia te  
s iz e  m ea su rem en ts  w e r e  m a d e  o n  L u g o l's  fix ed  m ater i­
al, w h ic h  u n d erest im a tes  c ilia te  liv e  v o lu m e  b y  ~30%  
(Jerom e e t a l., 1993), a n d  th is  w a s  corrected  for. C ilia te  
v o lu m e s  w e r e  c o n v er ted  to  carbon  u n its  u s in g  the  
c o n v ers io n  o f  M e n d e n -D e u e r  & L essard  (2000); see  
ab ove .
C ilia te  g ra z in g  rate (p rey  c ilia te  1 h 1) w a s  d eter ­
m in e d  from  c h a n g e s  in  g ro w th  rate o f  p r e y  o b serv ed  
in  co n tro ls , w ith o u t c ilia tes , m in u s  p r e y  g ro w th  rate 
m ea su red  in  th e  ex p er im en ta l co n ta in ers w ith  p red a ­
tors p resen t, fo l lo w in g  m e th o d s  o u tlin e d  in  W eisse  e t al. 
(2001).
D e v e lo p in g  re sp o n se  e q u a tio n s
For m o d e llin g  p u r p o se s , w e  esta b lish ed  fu n c tio n s  that 
co u ld  b e  u se d  to  p red ic t p red ator in g e s t io n  rate, sp ec ific  
g r o w th  rate, a n d  c e ll v o lu m e  in  re sp o n se  to  v a ry in g  
tem p era tu re  an d  p r e y  co n cen tra tio n s. W e a lso  esta b ­
lish e d  r e sp o n ses  for  p rey -sp ec ific  g r o w th  rate an d  v o ­
lu m e  ch a n g es  to tem p era tu re  a lo n e . T h ese  r e sp o n ses  
are p resen ted  h ere a n d  further e v a lu a te d  in  the  
'D iscu ss io n '.
P red ator (ciliate) in g e s tio n  rate (Ic, p r e y  p re­
d a to r“ 1 h “ 1) w a s  a ssu m e d  to v a ry  w ith  p rey  con cen tra ­
tion  (P, m L “ 1), fo l lo w in g  th e  m ech a n istic , H o llin g  T ype  
II eq u a tio n  [H o llin g , 1959, E qn (1)], w h e r e  a a n d  b are 
con stan ts. P red a to r-sp ecific  g ro w th  rate (p c, d a y “ 1) w a s  
a ssu m e d  to fo llo w  a sim ila r  rectan gu lar  h y p erb o lic  
resp o n se , b u t w ith  a n o n zero  in tercep t (P ', m L “ 1), 
d e term in ed  b y  th e  p red a to r 's  b a sa l m eta b o lic  rate  
(M o n ta g n es, 1996), w h e r e  c a n d  d  are co n sta n ts  [Eqn  
(2)]. P redator ce ll v o lu m e  (V, p m 3) w a s  a lso  a ssu m e d  to
◄------------------------------------------------------------------
Fig. 2 The co m b in ed  effect o f te m p e ra tu re  a n d  p re y  (Crypto-
moms sp.) a b u n d an c e  o n  Urotricha farcta: (a) ingestion , (b) 
specific g row th , an d  (c) cell vo lum e; n o te  th e  te m p e ra tu re  axis 
o n  th e  las t p an e l (c) is rev ersed  to a d eq u a te ly  d isp la y  th e  sh ap e  
o f th is  response . T he g rid s  a re  th e  fits of E qns (5)—(7) to  the  da ta  
(see tex t for details); see  Table 2 fo r th e  p a ram e te rs  o f these  fits 
an d  estim ates o f th e ir error.
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fo llo w  a rec ta n g u la r  h y p erb o lic  re sp o n se , b u t w ith  a 
p o sitiv e  v a lu e  at z e r o  prey, a s su m in g  a m in im a l ce ll s iz e  
[V', M o n ta g n es  & L essa rd , 1999, E qn (3)], w h e r e  e a n d  /  
are co n sta n ts . T em p eratu re (T, °C )-d ep en d en t re­
sp o n ses  (R) for  p red a to r  a n d  p rey  g ro w th  rate (jic an d  
p p, re sp ec tiv e ly ), p red a to r  in g e s tio n  rate (/c), a n d  p re­
dator v o lu m e  (V ) w e r e  a ssu m e d  to  in crea se  e x p o n e n ­
tia lly  to  a m a x im u m , p la tea u , an d  th en  d ecrea se  w ith  
ch a n g in g  tem p era tu res , fo l lo w in g  a p h e n o m e n o lo g ic a l  
m o d e l [F linn , 1991, E qn (4)], w h e r e  g , h, an d  i are 
con stan ts (se e  A p p e n d ix  A ). F lin n  & H a g stru m  (2002) 
an d  M en o n  e t  al. (2002) c o m b in ed  a T yp e II fu n ctio n a l 
resp o n se  w ith  th e ir  tem p era tu re  re sp o n se , a n d  w e  h a v e  
fo llo w ed  th is  a p p ro a ch  for  in g e s tio n , g ro w th , an d  v o ­
lu m e r e sp o n se s  [E q n s (5)—(7)], w h e r e  lo w e r  c a se , ita li­
c ize d  letters rep resen t co n sta n ts , a n d  a [E qn (6)] h a s  a 
v a lu e  o f u n ity  a n d  d im e n s io n s  o f  T ~ \  P rey  v o lu m e  w a s  
a ssu m ed  to  d e c r e a se  lin ea r ly  w ith  tem p eratu re , fo l lo w ­
in g  p red ic tio n s  o f  A tk in so n  e t  al. (2003).
I  -  a p  
c 1 +  bP (1)
c (P  -  P ')
ßc ~  1 +  d (P  -  P ) (2)
eP
V  =  +  V ' 
i + f p
(3)
R ~  ì  +  ( g - h T + i T 2)
(4)
I  -  j P  
c [1 +  [k -  IT +  mT2)]? (5)
n (P  -  T oíP )
ßc ~  [1 +  (o -  q T  +  rT2)](F  -  TaP') (6)
V  =  u P  +  V  
[1 +  ( v  — w T  +  xT2)]? (7)
C iliate g r o w th , in g e s t io n , a n d  v o lu m e  r e sp o n se s  w ere  
related  to th e  trea tm en t tem p era tu re  a n d  a v era g e  p rey  
con cen tra tion  (P); n o te , a v era g e  P  o v er  in cu b a tio n s  w a s  
d eterm in ed  fo l lo w in g  m e th o d s  d escr ib ed  b y  Frost 
(1972). T he a b o v e  e q u a tio n s  [E qns (5)—(7)] w e r e , resp ec ­
tively, fit to  th e  tem p era tu re -in flu en ced  n u m erica l, fu n c ­
tional, and  v o lu m e  r e sp o n se  data  u s in g  th e  M a rq u a rd t-  
L even b erg  a lg o r ith m  (sigmaplot, SPSS Inc., C h ica g o , IL, 
U SA ); th is a lg o r ith m  is  ap p ro p r ia te  for d escr ib in g  su ch  
b io lo g ica l d a ta se ts  (B erges e t  a l., 1994). A d ju sted  R 2
values for the responses and  s tandard  errors of the 
estim ates w ere determ ined , using  sigmaplot, as indica­
tions of the ir goodness of fit.
M o d e l l in g
To illu stra te  th e  ex te n t to  w h ic h  tem p era tu re  ch a n g e  
m a y  im p a ct carbon  flu x  in  th is  p r e d a to r -p r e y  sy s te m , a 
m o d e l w a s  co n stru c ted  u s in g  o u r  e x p er im en ta l f la g e l­
la te  (prey) a n d  c ilia te  r e sp o n ses  (see  'R esu lts') an d  
r e sp o n se s  for  D a p h n ia  from  th e  literature (see  b e lo w ).  
In th is  sy s te m , f la g e lla te s  g r e w  e x p o n e n tia lly  (w ith  n o  
ca rry in g  ca p a c ity  a s m a x im a l p rey  le v e ls  w e r e  a lw a y s  
p red a to r  co n tro lled ) a n d  w e r e  p r ey ed  u p o n  str ictly  b y  
c ilia te s  or b y  b o th  c ilia tes  an d  D a p h n ia  (predators); 
c ilia te  g r o w th  rate w a s  p rey  d e p e n d e n t, a n d  c ilia te  
m o rta lity  w a s  reg u la ted  e ith er  str ictly  b y  sta rv a tio n  
b e lo w  th resh o ld  le v e ls  or a lso  b y  to p -d o w n  co n tro l b y  
th e  grazer  (D a p h n ia );  th e  fo llo w in g  c o u p le t  o f  d ifferen ­
tia l e q u a tio n s  [E qns (8) a n d  (9)] d escr ib e  th e  m o d el:
d P
~ f a =  R p P ~  JcC -  IdpD (8)
—  =  p Qc ~  IdcD ,  (9)
w h e r e  P  is  th e  fla g e lla te  a b u n d a n ce; p p is  th e  tem p era ­
tu r e -d e p e n d e n t sp ec ific  g r o w th  rate o f  th e  flagella te; Ic 
an d  p c are th e  tem p era tu re  an d  th e  p r e y -d e p e n d e n t  
g r a z in g  a n d  g r o w th  rates, resp ectiv e ly , o f  th e  ciliate; C 
is  th e  c ilia te  ab u n d a n ce; 7<jp a n d  Idc are th e  tem p era tu re  
a n d  p r e y -d e p e n d e n t g ra z in g  rates o f  D a p h n ia  o n  fla g e l­
la tes  a n d  c ilia te s , r esp ectiv e ly ; a n d  D  is  D a p h n ia  a b u n ­
d a n ce . F la g e lla te  a n d  c ilia te  n u m b ers  w e r e  th en  
co n v er ted  to  v o lu m e s  u s in g  ou r  p r e d ic t iv e  eq u a tio n s  
(se e  'R esu lts') a n d  th en  to  carbon , fo l lo w in g  th e  c o n ­
v e r s io n  o f  M e n d e n -D e u e r  & L essard  (2000) (see  a b ove).
D a p h n ia  g r a z in g  p ressu re  w a s  b a se d  on  a ssu m in g : (1) 
a co n sta n t a b u n d a n c e  (0.05 m L “ 1) o f  gen er ic , D aph n ia  
(~ 0 .8  m m  lo n g ) b e in g  m a in ta in ed  o v e r  th e  s im u la tio n s  
(G ilbert, 1988; G liw ic z , 2003); (2) sp ec ific  filtration  rates  
o n  th e  c ilia te  a n d  p r e y  b e in g  th e  sa m e  (Jurgens, 1994); 
a n d  (3) th e  in f lu e n c e  o f  tem p eratu re  o n  filtration  rate (F, 
m L -1 in d iv id u a l d a y -1 ) fo llo w e d  E qn (10), d e r iv e d  b y  
M o u re la to s & L acroix  (1990):
lo g  P =  2 .0 7  lo g  L +  0 .126T  -  0 .0024T 2 -  0 .628, (10)
w h e r e  L is  D a p h n ia  len g th  an d  T  is  tem p era tu re  (Fig. 5f).
To a sse ss  th e  im p a c t o f  th e  tem p era tu re-in d u ced  
r e sp o n se s  o n  c il ia te -p r e y  p u lse s , a 2 0 -d a y  s im u la tio n  
w a s  u se d  to  rep resen t th e  m a x im u m  p er io d  o v er  w h ic h  
a s in g le  w a r m in g  e v e n t  m ig h t in f lu en ce  a sm a ll w a ter  
b o d y , w ith o u t  th e  in f lu en ce  o f o th er ab io tic  (e.g . n u tr i­
en t ch a n g e) or b io tic  (e .g . D aph n ia  p o p u la tio n  g ro w th )
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factors su b sta n tia lly  a lter in g  th e  p red a to r -p rey  sy stem . 
Furtherm ore, th is  p e r io d  w a s  su ffic ien tly  lo n g  to  e x ­
p ress  on e  p r e d a to r -p rey  cy c le , g iv e n  in itia l co n d it io n s  
o f  4  x  103 p rey  a n d  10 p red ators m L -1 (the startin g  
co n d itio n  of a ll s im u la t io n s  o f  p o p u la tio n  d y n a m ics);  
th e se  initial a b u n d a n c e s  rep resen t ty p ica l le v e ls  that 
o ccu r  in  nature (W eisse  e t  a l., 1990). N o te , a ra n g e  o f  
in itia l concentrations o f  c ilia te  an d  prey, s im ilar  to  th o se  
fo u n d  in nature, p r o d u c e  c y c le s  o v er  5 -2 0  d a y s  (data  
n o t show n); w e  c h o se  th e  a b o v e  s in g le  se t o f  in itia l 
le v e ls  as realistic e x a m p le s , w h ic h  is  in  co n co rd a n ce  
w ith  the aim s o f  o u r  a n a ly s is . H o w ev er , to  illu stra te  th e  
rob u stn ess of o u r  a n a ly s is , w e  a lso  a sse sse d  a n d  p resen t  
th e  im pact o f v a r y in g  b o th  in itia l fla g e lla te  (2 0 0 -  
8 x  103 m L -1) a n d  c ilia te  (1 -1 0 0  m L '1) a b u n d a n ces  on  
th e  respective to ta l p r o d u c tio n  o v er  th e  2 0 -d a y  s im u la ­
tion . A ll s im u la tio n s w e r e  ru n  for tem p era tu res ra n g in g  
fro m  8 to 30 °C, a r a n g e  o v e r  w h ic h  th e  p rey  a n d  c ilia te  
m ig h t be found  (e .g . F o issn er  e t ah , 1999).
R e su lt s
P h y to p la n k to n  ( p r e y )  r e sp o n se  to  te m p e ra tu re
Sp ecific  grow th  rate  o f  C ry p to m o n a s  sp . in crea sed  from  
its  lo w er  tem p eratu re  lim it (ce lls  d id  n o t su r v iv e  at 
< 8 ° C ;  data n o t sh o w n )  to  a m a x im u m  at r+j 20  °C an d  
th e n  su b seq u en tly  d ec r e a se d  (Fig. la ) . A  re sp o n se  w a s  
fit to  the specific  g r o w th  d ata  fo llo w in g  Eqn (4), w h ere  
in  th is case R  is  p r e y -sp e c ific  g ro w th  rate ( |ip, d a y -1 ) 
(Table 1). Prey v o lu m e  d e crea sed  lin ea r ly  w ith  tem p era ­
tu re  (Fig. lb , T able 1).
C ilia te  respon se  to  p r e y  a n d  te m p e ra tu re
C ilia te  in gestion  rate in crea sed  w ith  in crea sin g  p rey  
concentration; it a lso  in crea sed  w ith  in crea sin g  tem ­
perature to a m a x im u m  at ~ 2 2  °C a n d  th en  d ecrea sed  
(Fig. 2a). A r e sp o n se  w a s  fit to  th e  in g e s tio n  data
Table 1 P aram ete rs , e r ro r  e s tim a te s  (1 s ta n d a rd  e rro r, SE), 
a d ju s te d  R2 for th e  sp ec ific  g ro w th  (pp, d a y -1 ) [E qn (4)], a n d  
v o lu m e  (V, pm 3) re sp o n se s  (V = y T  +  z) fo r Cryptomonas sp . to  
te m p e ra tu re  (T, °C)
P a ra m e te rs V alue U n its SE A d ju s te d  R2
Specific  g row th  ra te
8 46.0 d a y 11.4 0.96
h 4.46 d a y C 0-1 1.13
i 0.11 d a y  C °-2 0.28
V olum e
V -2 0 .3 p m 3 C 0-1 4.87 0.60
Z 926 p m 3 91.7
fo l lo w in g  Eqn (5) (Table 2). C ilia te -sp ec if ic  g r o w th  rate 
in crea sed  w ith  b o th  in crea s in g  p rey  co n cen tra tio n  a n d  
tem p era tu re  (Fig. 2b). A  re sp o n se  w a s  fit to  th e  g ro w th  
d ata  fo l lo w in g  E qn (6) (Table 2). C ilia te  v o lu m e  in ­
crea sed  w ith  in crea s in g  p rey  con cen tration ; it  first in ­
crea sed  w ith  in crea s in g  tem p era tu re  to  a m a x im u m  
at ~ 1 0 - 1 2  °C a n d  th en  d ecrea sed  (Fig. 2c). A  re sp o n se  
w a s  fit to  th e  v o lu m e  d ata  fo l lo w in g  Eqn (7) (Table 2).
T h e im p a c t  o f  te m p e ra tu re  c h a n g e  o n  p o p u la t io n  d y n a m ic s  
a n d  ca rb o n  f lu x
For th e  f la g e lla te -c ilia te  s im u la tio n s  w ith o u t to p -d o w n  
co n tro l b y  D a p h n ia , th ere  w a s  o n e  p rey  a n d  o n e  p re­
d ator p ea k  o v er  a lm o st th e  en tire  ran ge  o f  tem p era tu res  
ex a m in ed  (Fig. 3). A n  ex a m p le , a t 20 °C, illu s tra te s  the  
ch a n g e  in  b io m a ss  o f  p rey  a n d  predator, o v er  t im e  (Fig. 
3a). A  sy n th e s is  o f  th e  en tire  se t  o f  s im u la t io n s  is  
p resen ted  a s p red ator  an d  p rey  d e n s ity  p lo ts , to  in d i­
cate  p o p u la tio n  d y n a m ic s  o v e r  tim e, acro ss th e  ex a m ­
in ed  tem p era tu re  ra n g e  (Fig. 3b and  c). S im u la tio n s  
in d ica ted  that th e  p rey  p o p u la t io n s  in crea sed  o v er  
sev era l d a y s , a lw a y s  p ea k ed  b efo re  th at o f  th e  p red ator  
a n d  th en  r a p id ly  d ecrea sed , as th e y  w e r e  g r a z e d  b y  the  
g r o w in g  p red ator  p o p u la tio n . T he p red ator p o p u la tio n  
in crea sed  rap id ly , o n c e  p rey  w e r e  ab u n d a n t, a n d  th en  
d ecrea sed  m o re  g r a d u a lly  th an  th at o f th e  prey, a s  the  
form er d ie d  d u e  to  starvation ; th is  d ecrea se  b eca m e  
m o re rap id  at h ig h er  tem p era tu res, re flectin g  h igh er  
m o rta lity  rates a t lo w  p r e y  co n cen tra tio n s a n d  h ig h er  
tem p era tu res (Fig. 2b). F inally, at h ig h  a n d  lo w  tem ­
p eratu res, p u lse s  w e r e  n o t p ro n o u n ced  an d  occurred  
n ear th e  en d  o f  th e  2 0 -d a y  s im u la tio n , w h ile  a t 20  °C the  
p u lse s  reach ed  th e  h ig h e s t  n u m b ers (cf. F ig. 3a) and  
o ccu rred  early, b e tw e e n  d a y s  4  a n d  7  (Fig. 3 a -c ) .
T he b io m a ss  p r o d u c e d  b y  th e  p rey  a n d  p red ator  
(ciliate) (Fig. 3d  a n d  e) eq u a tes  to  th e  seq u estered  
carbon  fro m  a tm o sp h er ic  C 0 2, th ro u g h  p rim a ry  p ro­
d u c tio n  o f  th e  p rey  a n d  its transfer to th e  co n su m er , the  
predator. P ro d u ctio n  o f  b o th  p red ator a n d  p r e y  w a s  
grea test w h e n  s im u la tio n s  w e r e  in itia ted  w ith  fe w  p re­
d a to rs a n d  p rey  (Fig. 4); in  th ese  ca se s  red u ced  g ra z in g  
p ressu re  in itia lly  a llo w e d  th e  p rey  p o p u la t io n  to  rise, 
b u t th en  th ere  w a s  a su b se q u e n t b lo o m  o f  th e  c ilia tes, 
resu ltin g  in  h ig h  p ro d u ctio n  o f b o th  (p o p u la tio n  cyc le , 
data  n o t sh o w n ). In a ll ca se s , carbon  p ro d u ctio n  p ea k ed  
at or near 20  °C a n d  ra p id ly  d ecrea sed  a b o v e  a n d  b e lo w  
th is m a x im u m  (F igs 3  a n d  4); th is  c o n s is te n c y  o f the  
d istr ib u tio n  o f  th is m ea su rem en t o f  p ro d u ctio n  il lu s ­
trate th e  ro b u stn ess  o f  th e  m o d e l o u tp u t o v e r  a ra n g e  of  
p rey  a n d  c ilia te  le v e ls  (Fig. 4). D ifferen ces b e tw een  
m in im u m  a n d  m a x im u m  p ro d u ctio n  w e r e  o n  th e  order  
o f  5 -1 0 -fo ld , for b o th  p rey  a n d  p red ator (Fig. 3 d  an d  e).
© 2008 The Authors
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Table 2 P a ra m e te rs ,  e r ro r  e s tim a te s  (1 s ta n d a rd  e rro r, SE), a d ju s te d  R2 fo r  Urotricha farcta in g e s tio n  ra te  (Ic, p re y  p re d a to r  1 h  ')  
[Eqn (5)], specific  g ro w th  ra te  (pc, d a y '1) [E qn (6)], a n d  v o lu m e  (V, p m 3) [E qn  (7)] re sp o n se  to  c h a n g in g  p re y  (Cryptomonas sp .) a n d  
tem p e ra tu re
P aram eters V alue U n its SE A d ju s te d  R2
Ingestion  ra te  [E q n  (5)]
i
6.04 X  I O '5
p re y  p r e d a to r “ 1 h  " 1




1.68 X  IO“ 4
c =-i
2.13 X  10“ 5
1.55 X  IO“ 5 2.05 X  1 0 '6
m
3.77 X  IO“ 7
C °“ 2
5.10 X  10“ 8
Specific g ro w th  ra te  [E qn (6)1
n
8.04 X  IO“ 5
d a y “ 1
1.02 X  1 0 '5
0.71
p 1
2.92 X  IO2
p re y m L “ 1
6.20 X  10
0
1.77 X  IO“ 4 4.65 X  10“ 5
<7
1.31 X  IO“ 5
C o - l
4 .2 7 x 1 0 ' 6
r
2.76 X  IO“ 7
C o - 2
1.03 X  1 0 '7
V olum e [Eqn (7)]
u
2.89 X  IO“ 1
p m 3
5.37 x l O “ 2
0.77
V
1.92 X  IO3
g m 3
1.36 X  102
V
7.01 X  IO“ 4 2.00 X  1 0 '4
TV
-1 .1 4  X  IO“ 4
c =-i
2.42 X  1 0 '5
X
4.89 X  IO“ 6
C 0“ 2
1.01 X  1 0 '6
W hen D a p h n ia  w e r e  in tro d u ced  to  th e  sy s te m , th ere is 
a clear in d ica tio n  o f  its  g ra z in g  im p a ct, b u t c il ia te -  
p h y to p la n k to n  p u ls e s  st ill occu r  o v e r  a lim ited  ran ge  
o f  tem peratures (F ig. 5 a -c ) , fo llo w in g  p a ttern s d e ­
scribed  a b ove , in d ic a tin g  th at th e  d irec t m icro b ia l lin k  
can  rem ain  a c tiv e , e v e n  w h e n  a h ig h er  le v e l pred ator  
ex ists, at ty p ic a l le v e ls . M a x im u m  fla g e lla te  and  
ciliate p ro d u ctio n  (at ~ 2 0  C) o v e r  th e  2 0 -d a y  p eriod  
w a s altered c o m p a r e d  w ith  w h e n  D a p h n ia  w a s  ab sen t, 
b u t n ot to a g rea t exten t; h o w ev er , th ere  w a s  a p ro­
n o u n ced  effec ts  o f  tem p era tu re  o n  p ro d u ctio n  at the  
u p p er  and lo w e r  lim its  o f  th e  ra n g e  (cf F igs 3b , c  a n d  5b, 
c). The a m o u n t o f  carb on  transferred  to  D a p h n ia , b y  
grazin g , w a s  a lso  in f lu e n c e d  b y  tem p era tu re  (Fig. 5g  
and  h), in d ic a tin g  th at tem p era tu re  ch a n g e  co u ld  
h a v e larger sc a le  im p a c ts  o n  m o re  c o m p le x  fo o d  w eb  
dynam ics.
Discussion
T e m p e ra tu re  re sp o n se  fu n c t io n s
T here is  a co n tin u in g  n e e d  to  p ara m eter ize  p e la g ic  
e c o sy s te m  m o d e ls  (A n d erso n , 2005), e sp e c ia lly  c o m p o ­
n en ts  o f  th e  m icro b ia l fo o d  w e b , w h ic h  can  b e  p iv o ta l in  
term s o f  fresh w a ter  p e la g ic  carbon  flux  (W eisse  e t  ah , 
1990; S traile, 1998; Z in g e l e t a t., 2007). F ood  le v e ls ,  
g ra z in g  p ressu res , a n d  g ro w th  rates h a v e  ty p ic a lly  b een  
c o n s id ered  to  b e  th e  p r im a ry  in f lu en c in g  factors in  
p la n k to n ic  e c o sy s te m  d y n a m ic s , a n d  the la s t 20 y ea rs  
h a v e  se e n  a fo cu s  o n  e s ta b lish in g  fu n ctio n a l a n d  n u ­
m erica l r e sp o n se s  for  p ro to zo o p la n k to n  sp e c ie s  (e.g . 
J on sson , 1986; M o n ta g n es , 1996; Jürgens & S im ek , 
2000; G ism erv ik , 2005), u s in g  m e th o d s  a n d  a p p ro a ch es  
sim ila r  to o u rs. H o w e v e r , w ith  the reco g n itio n  th at
©  2008 The Authors
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Fig. 3 R esu lts fro m  th e  m o d e l o f p re d a to r  (Urotricha farcta) a n d  p re y  (Cryptomonas sp.) p o p u la tio n  d y n am ics  o v e r 20 d a y s  (see 
'M aterials a n d  m e th o d s ' fo r d e ta ils  of th e  m odel). P re d a to r  a n d  p re y  a re  p re se n te d  as p g C m L  (a) A n  in d ica tio n  of th e  p o p u la tio n  
dynam ics o v e r 20 d a y s  a t  o n e  d isc re te  tem p era tu re : 20 °C; p re y  (solid  line), p re d a to r  (d ash ed  line), (b, c) D ensity  p lo ts  of p re y  an d  
p redato r p o p u la tio n  d y n am ics , respectively, a t tem p e ra tu res  ra n g in g  fro m  8 to  30 °C, o v e r 20 d ays, (d , e) A n  in d ica tio n  o f th e  ca rb o n  
produced  b y  th e  p re y  a n d  p red a to r, respectively, o v e r th e  20 days; n o te  th is  re p re se n ts  th e  to ta l a m o u n t m ade , reg ard less  o f its  fate.
clim ate ch a n g e  w il l  b o th  in crea se  a m b ien t tem p eratu re  
and ch a n g e th e  in te n s ity  a n d  freq u en cy  o f  w a r m in g  
even ts, th ere  h a s  b e e n  a co m m en su ra te  e ffort to  co n ­
sider tem p era tu re  r e sp o n se s  in  m o d e ls  o f  p ro to zo a n  
feed in g  a n d  g r o w th . G enerally , th e  a p p roach  h a s b een  
to  im p o se  a th erm a l fu n c tio n  o n  e x is tin g  p ro to zo a n  rate  
processes (e .g . a s im p le  or m o d ified  Q i0 fu n ction ; 
B lackford e t  a l., 2004), b u t th is  s im p listic  a p p roach  is  
lik ely  in a p p ro p r ia te  (e .g . M o n ta g n es  et a l., 2003; 
K im m ance e t  a l.,  2006). T he p resen t s tu d y  p r o v id e s , to  
our k n o w le d g e , th e  first in d ica tio n  o f h o w  m o re  c o m ­
p lex , em p ir ica lly  d e r iv e d  tem p era tu re  re la tio n sh ip s  
can alter sh o rt-term  carbon  flu x , in flu en ced  b y  p red a ­
to r-p rey  d y n a m ic s , w ith in  th e  fresh w ater  m icrob ia l 
food  w eb .
O ur r e sp o n se s  [E qns (4)—(7), T ables 1 an d  2] are b a sed  
on  a co m b in a tio n  o f  m ech a n istic  a n d  p h en o m e n o lo g ic a l
eq u a tio n s . T here is  g o o d  in d ica tio n  that fu n c tio n a l [Eqn  
(1)] a n d  n u m erica l [Eqn (2)] r e sp o n se s  are a t lea st  
se m im e c h a n is tic  (H o llin g , 1959; F en ch el, 1986). In co n ­
trast, the q u ad ratic  fu n c tio n  [Eqn (4)] e m p lo y e d  b y  
F linn  (1991) is  a p h e n o m e n o lo g ic a l m o d e l. W e h a v e  
co m p a red  th is  m o d e l to  a n u m b er  o f  m ech a n istic  and  
p h e n o m e n o lo g ic a l m o d e ls  u s in g  in fo rm a tio n  th eory  
(B u rn h am  & A n d e r so n , 2002), a n d  it h a s p ro v en  co n ­
s is te n tly  to  b e  o n e  o f  th e  b est  to  d escr ib e  therm al 
r esp o n ses  (A p p e n d ix  A ). W e re c o g n iz e  that m o re  c o m ­
p lex , m ech a n istic  fu n c tio n s  m a y  ex p la in  tem p eratu re  
r e sp o n se s  (e.g . S c h o o lfie ld  e t a l., 1981), b u t to  p ro v id e  
s im p le , p red ic tiv e  fu n c tio n s  for  m o d e llin g , w e  h a v e  
fo l lo w e d  th e  a p p roach  o f  o th ers (e .g . F linn  & H a g stru m , 
2002; K im m a n ce  e t  a l., 2006) to  co m b in e  m ech a n istic  
a n d  p h e n o m e n o lo g ic a l fu n c tio n s , to  y ie ld  p a r s im o n io u s  
eq u a tio n s.
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Fig. 4 The in flu en ce  o f in itia l c iliate  a n d  p re y  a b u n d an c e  o n  carb o n  p ro d u c tio n  o v e r a  20-day  sim u la tio n , a t te m p e ra tu re s  ran g in g  fro m  
8 to 30 °C. (a -c ) Urotricha farcta p ro d u c tio n ; (d -f)  Cryptomonas sp. p ro d u c tio n . P a rts  (a, d) w ere  in itia ted  w ith  1 Li. farcta m L “ 1; p a rts  (b, d) 
w ere in itia ted  w ith  10 U. farcta m L “ 1; p a r ts  (c, f) w ere  in itia ted  w ith  100 U. farcta m L “ 1. V alues d e n o te d  b y  sh a d in g  in  b o tto m  p a n e ls  a p p ly  
to all above p a n e ls  a n d  a re  in  u n its  o f |ig  C m L 1 20 d a y “ 1.
Our m a in  a ltera tio n  to  th e  m o d e l o f  F linn  & H a g -  
strum  (2002) w a s  to  im p o s e  a tem p era tu re  d e p e n d e n c y  
on  the th resh o ld  co n cen tra tio n  [P'; E qn (6)]; P ' repre­
sents the p r e y  co n cen tra tio n  w h e r e  su ffic ien t fo o d  is  
available to  a llo w  th e  p red a to r  p o p u la tio n  to  su r v iv e  
but not in c r e a se  or d ec r e a se  (M o n ta g n es, 1996). T he  
va lu e  o f th is  p a ra m eter  ty p ic a lly  in crea ses w ith  tem ­
perature (W eisse  e t a l., 2002  a n d  referen ces w ith in ;  
K im m ance e t  a l., 2006), p r esu m a b ly  as in crea sed  tem ­
perature ra ise s  m eta b o lic  n e e d s . In c lu d in g  th is  m o d if i­
cation p r o v id e d  a b etter  fit to  th e  data  th an  r e sp o n ses  
that lacked  th e  in tera ctio n  (data  n o t sh o w n ). W e su g g e s t  
that our r e sp o n s e  e q u a tio n s  [E qns (5 )-(7 )] , if  n o t their  
specific p a ra m eters  (T ables 1 a n d  2), are a g o o d  m eth o d  
o f a ssess in g  th e  p ro to z o a n  co n tr ib u tio n  to  carbon  flu x  in  
m o d els  th at e x a m in e  th erm a l im p acts; w e  illu stra te  th is  
below .
H o w  m ig h t te m p e r a tu r e  a l te r  p o p u la tio n  d y n a m ic s  a n d  
carbon f lu x ?
U sin g  a sp e c if ic  e x a m p le , w e  in d ica te  that tem p era tu re  
changes o f  2 -1 0  °C can  im p a ct p rotistan  p o p u la tio n  
d yn am ics a n d  ca rb o n  flu x  (F igs 3 -5 ) . A ssu m in g  that 
am bient tem p era tu res  in  tem p era te  fresh w a ters is  g e n ­
erally  <  20  °C , th e  m o d e l su g g e s ts  that a r ise  to w a rd s  
20 °C w o u ld  in crea se  th e  m a g n itu d e  a n d  occu rren ce  o f
p r e d a to r -p r e y  p u lse s . S u ch  in crea ses in  tem p era tu re  on  
th e  o rd er  o f  5 °C are n o t u n c o m m o n  in  sm a ll ~ 3 0 0 0  L, 
tem p era te  w a ter  b o d ie s  (see  M ck ee  e t  a l., 2000), b u t as  
in d ica ted  a b o v e , c lim a te  ch a n g e  is  p red ic ted  to  in crease  
th e  p rev a len ce  an d  th e  sev er ity  o f  th ese  flu c tu a tio n s  
(C arpenter e t a l., 1992). T h e e n su in g  in crea se  in  p u lse s  
o f  c ilia tes  a n d  p rey  m a y  th en  alter fo o d  w e b  d y n a m ic s  
o n  a larger sca le . H o w e v e r , b e c a u se  o f  th e ir  b r ief nature  
a n d  lik e ly  lo ca l o ccu rren ce , it  is , a n d  w ill  b e , d ifficu lt to  
o b serv e  sh o rt-term  p u ls e s  in  ro u tin e  sa m p lin g  p ro ­
g ra m s, a n d  th is  m a y  b e  w h y  th e y  are rarely  ca refu lly  
co n sid ered .
O ur m o d e l o u tp u t is , h o w ev er , co m p a ra b le  to in  v itro  
in cu b ation s: u s in g  th e  sa m e  taxa a s w e  h a v e  ex a m in ed , 
W eisse  e t a l. (2001) p resen ted  tim e  ser ie s  data  for p re­
d a to r -p r e y  a b u n d a n ces , a t 15 a n d  20  °C, o v er  ~ 2 0  
d ays; th eir  d ata  ex h ib it d is tin c t p r e d a to r -p r e y  p u lse s  
o v er  1 0 -1 5  d a y s , w h ic h  o ccu rred  earlier a t th e  w arm er  
tem p era tu re , su p p o r t in g  ou r  a rg u m en ts for th e  im p o r­
tan ce  o f  th is  sh o rt-term  p h e n o m e n o n  a n d  the in flu en ce  
o f  tem p era tu re  o n  th e  d y n a m ics . A  se c o n d  a p p roach  to  
a sse ss  if  p r e d a to r -p r e y  p u lse s  o ccu r  is  to  reg u la r ly  
m o n ito r  c o m m u n it ie s  in  m icro co sm s (i.e. large  tanks  
p o p u la te d  w ith  sem in a tu ra l a sse m b la g e s , s im u la tin g  
in  s itu  co n d itio n s; e .g . M cK ee e t  a l., 2000). A lth o u g h  
there h a v e  b een  sev era l su ch  s tu d ie s  to  ex a m in e  
th e  im p a ct o f  g lo b a l w a r m in g  on  fresh w a ter  p e la g ic
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Fig. 5 Results fro m  th e  m o d e l o f p re d a to r  (Urotricha farcta) an d  p re y  (Cryptomonas sp .) p o p u la tio n  d y n am ics o v er 20 d a y s  w ith  th e  
ad d itio n  of Daphnia as a  g ra z e r  (see 'M ateria ls  an d  m e th o d s ' fo r d e ta ils  o f th e  m odel). P re d a to r  a n d  p re y  a re  p re sen te d  as pg C  m L -1 . (a) 
A n  indication  of th e  p o p u la tio n  d y n am ics  o v er 20 d a y s  a t o n e  d isc re te  tem p era tu re : 20 °C; p re y  (so lid  line), p re d a to r  (d ash ed  line), (b, c) 
D ensity  plots of p re y  a n d  p re d a to r  p o p u la tio n  d y nam ics, respectively, a t  tem p e ra tu res  ran g in g  fro m  8 to 30 °C, o v er 20 days, (d , e) A n  
ind ica tion  of the c a rb o n  p ro d u c e d  b y  th e  p re y  an d  p red a to r, respectively , o v er th e  20 days; n o te  th is rep resen ts  th e  to ta l a m o u n t m ad e , 
regard less of its fate, (f) A n  illu s tra tio n  o f th e  response  o f Daphnia filtra tion  ra te  to  c h an g in g  te m p e ra tu re  (see 'M a teria ls  a n d  m e th o d s ' for 
de ta ils  of this response), (g, h) A n  in d ica tio n  o f the  p re y  a n d  p re d a to r  carbon , respectively, co n su m ed  b y  th e  u p p e r  level g razer, Daphnia, 
o v er the 20 days; n o te  th is  re p re se n ts  th e  to ta l a m o u n t g ra ze d , reg ard less  o f its fate.
eco sy stem s (tanks m a in ta in ed  3 -5  °C a b o v e  a m b ien t  
levels; e.g. M cK ee e t  a l ,  2002; Strecker e t a l., 2004; 
C hristoffersen e t a l., 2006), to  o u r  k n o w le d g e  o n ly  o n e  
h a s focused  o n  p ro to z o o p la n k to n , a n d  sp ec ifica lly  c ili- 
a tes (M ontagnes e t  a l., 2002; W ilso n , 2002); in  th is stu d y , 
there w a s an in c r e a se d  o ccu rren ce  o f  c ilia te  sp ec ie s  
b lo o m in g  w h en  tem p era tu res  w e r e  ra ised  3 °C  a b o v e  
am b ien t lev e ls , a n d  fish  w e r e  in c lu d ed  to  rem o v e  
crustacean  grazers. S im ilarly , b u t le s s  ap p aren t, b lo o m s  
o f  U rotricha  sp p . a n d  o th er sm a ll c ilia tes  occu r in  fie ld  
ob servation s (e .g . in  L ake C o n sta n ce  in  th e  su m m er
w h e n  cru sta cea n s, su ch  a s D a p h n ia , are n o t ab u n d an t; 
M u ller  e t a l., 1991). T h ese  laboratory, m icro co sm , a n d  
fie ld  d ata  su g g e s t  th at ou r  m o d e lle d  p r e d a to r -p r e y  
p u lse s , a lth o u g h  d ifficu lt to  o b serv e , m a y  b e  co m m o n  in  
n atu re a n d  su g g e s t  that w a r m in g  m a y  in crease  su ch  
p u lse s , in crea sin g  carbon  flu x  th ro u g h  p o p u la tio n s  
w ith in  th e  m icrob ia l fo o d  w eb . H o w ev er , it is  a lso  
in s tru ctiv e  to  n o te  that w e  p red ict, in  o u r  sp ecific  case , 
an  in crea se  in  tem p era tu re  ( > 2 0 ° C )  w ill  r ed u ce  the  
m a g n itu d e  a n d  p er io d  o f  the p r e d a to r -p rey  d y n a m ic s  
a n d  carbon  flux.
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Rarely, h o w e v e r , d o  s im p le  p red a to r -p r e y  m o d e ls ,  
such as o u rs , a ccu ra te ly  p red ic t  in  s i tu  or in  v itro  
p o p u la tio n  d y n a m ic s , a n d  th is  is  n o t n ecessa r ily  th eir  
in tention , rather it is  to ex p lo re  a n d  test h y p o th e se s  (see  
Turchin, 2003). A  co m b in a tio n  o f  u n ch a ra cter ized  sto - 
chasticity, u n d er -p a ra m eter iza tio n  o f  r e sp o n se s , an d  
o m ission  o f  d e te r m in is tic  v a r ia b les  can  b e  attr ib u ted  
to the ca u se  o f  th e  m ism a tch  (Turchin, 2003). H o w e v e r , 
it is w e ll a c c e p te d  th at a lth o u g h  su ch  m o d e ls  are rarely  
exp lic itly  p r e d ic t iv e , th e y  rev ea l q u a lita tiv e  e ffec ts  (e .g . 
Shertzer e t a l., 2002; F u lto n  e t a l., 2003). T h u s, w e  
p ropose th at o u r  fu n d a m e n ta l p rem ise  that sm a ll, e p i­
sod ic, tem p era tu re  c h a n g es , in d u c e d  b y  c lim a te  ch a n g e , 
w ill u p se t fo o d  w e b  d y n a m ic s  in  an  u n e x p e c te d  m a n n er  
is w e ll su p p o r te d  b y  ou r  m o d e l resu lts, a n d  o u r  a n a ly s is  
of p ro d u ctio n  (F ig. 4) r ev ea ls  that ou r  p r e d ic t io n s  are  
robustly su p p o r te d  o v e r  a ra n g e  o f p red a to r  a n d  p rey  
levels. F u rth erm ore , th e  a n a ly s is  s u g g e s ts  th at ou r  
resp on ses [E q n s (5 )-(7 )] sh o u ld  p r o v id e  research ers  
w ith  data to  fu rth er  p a ra m eter ize  tem p era tu re  effects  
on  ciliates in  e x is t in g  p e la g ic  e c o sy s te m  m o d e ls . P o ss i­
b ly  o f g reater  im p a ct th o u g h  is  ou r illu stra tio n  that 
predators a n d  p r e y  w ill  o ften  h a v e  d ifferen t th erm al 
sen sitiv ities, a n d  th e se  p ro d u c e  u n in tu itiv e , n o n lin ea r  
results (M ay, 1986). R ecently , it h as b e e n  a rg u ed  that 
planktonic a u to tro p h s are le s s  se n s it iv e  to  tem p era tu re  
than p la n k to n ic  h e tero tro p h s (R ose & C aron , 2007), b u t  
our data s u g g e s t  th at th e  ch a n g e  in  d y n a m ic s  a b o v e  a n d  
b elo w  ~ 2 0 ° C  are at lea s t  in  part d u e  to  th e  rap id  
p ositive  a n d  n e g a tiv e  a u to tro p h ic -p rey  r e sp o n se  near  
20 °C (Fig. 1), su g g e s t in g  th a t in  th is c a se  th e  th erm al 
sen sitiv ity  o f  C ry p to m o n a s  sp . is  d r iv in g  th e  stro n g  
patterns in  th e  sy s te m . T h ese  f in d in g s  e m p h a s iz e  the  
m ore g en era l r e c o g n it io n  th at d ifferen t tem p era tu re  
d ep en d en c ie s  o f  a u to tro p h y  a n d  h etero tro p h y  m a y  s ig ­
nificantly  d e c o u p le  e x is t in g  p la n k to n  d y n a m ic s  o n  lo ca l 
and g lo b a l sca le s  (e .g . L o p ez-U rru tia  e t  a l., 2006).
A p p lic a tio n , in te g r a t io n ,  a n d  e x te n s io n  o f  th is  w o rk
There are so m e  ca v ea ts  to  o u r  co n c lu s io n s that are w o rth  
noting. First, o u r  tem p eratu re  resp o n ses (Fig. 2) are for 
genera that are u b iq u ito u s  in  tem p erate  fresh w aters, b u t  
U. farcta  stra in s can  h a v e  d ifferen t therm al sen s itiv itie s , 
as do d ifferen t sp e c ie s  w ith in  the g en u s U rotricha  (W eisse  
& M ontagnes, 1998). T h is is  n o t su rp riz in g , as reg ional 
adaptations o f  taxa  to  a v a r ie ty  o f  en v iro n m en ta l vari­
ables, in c lu d in g  tem p eratu re sh o u ld  b e  ex p ec ted  (e.g. 
M itchell & L am p ert, 2000) an d  w a s  recen tly  d e m o n ­
strated for fresh w a ter  c ilia tes (G achter & W eisse , 2006). 
Still, m eta -a n a ly ses reg a rd in g  protistan  g ro w th  a n d  v o ­
lum e resp o n ses  to  tem p eratu re  (e.g. A tk in so n  e t  a l., 2003; 
M ontagnes e t  a l., 2003; B issin ger  e t a l., 2008) su g g e s t  
predictable sim ila r it ie s  across taxa, a n d  a g g reg a tio n  o f
sp ec ie s  in to  fu n ctio n a l g ro u p s is  a d v o ca ted  for large- 
sca le  e c o sy s te m  m o d e ls  (F u lton  e t  a l., 2003). T h u s, 
a lth o u g h  th e  sp ec ific s  o f  ou r m o d e l o u tp u t m ig h t n o t  
b e  rep eated , the tren d s o f  p o p u la tio n  p u lse s  an d  carbon  
f lo w  m ig h t b e  sim ilar, reg a rd less  o f  th e  taxa; a s  a ca se  in  
p oin t, ou r o w n  s tu d y  o n  a m a rin e, heterotroph ic  fla g e l­
late su p p o r ts  ou r arg u m en ts for  th e  tem perature se n s i­
t iv ity  o f  p o p u la tio n  d y n a m ic s  (K im m an ce e t a l., 2006). 
S eco n d , lik e  m o st e c o p h y s io lo g ic a l resp o n ses , ou r d is ­
crete m ea su rem en ts  (i.e. p o in ts  o n  F igs 1 a n d  2) w e r e  
d eterm in ed  u n d er  co n sta n t tem peratures. In sh a llo w  
fresh w ater en v iro n m en ts, a m b ien t tem p eratu re w ill  n o t  
b e con stan t, p o ss ib ly  flu c tu a tin g  h o u r ly  or d a ily  b y  
sev era l d eg rees , a n d  flu ctu atin g  a m b ien t tem p eratu res  
(on  a d a ily  reg im e) can  alter U rotrich a  g ro w th  rates (both  
u p  or d o w n ) co m p a red  w ith  co n sta n t tem p eratu res  
(M o n ta g n es & W eisse , 2000); su ch  transien t b eh a v io u r  
requ ires further p aram eter iza tion  b efore it is  in co rp o ­
rated  in to  m o d e ls . T h ese  con cern s, h o w ev er , d o  n o t  
in v a lid a te  ou r  p a rsim o n io u s a p p roach  to w a rd s ex a m in ­
in g  tren d s (w h ich  reflects th at o f  m o st eco sy s te m  an d  
m a n y  p o p u la tio n  m o d e ls) or th e  p oten tia l ap p lica b ility  
o f  th e  resp o n ses  p ro v id ed , b u t th e y  d o  in d ica te  that a  
further d eg ree  o f  se n s it iv ity  a n a ly s is , re la ted  to  the  
tem p eratu re o p tim a  o f taxa an d  th eir  resp o n se  to  flu ctu ­
a tin g  tem p eratu res, w o u ld  b e  appropriate  in  m ore  c o m ­
p lex  m o d e llin g  efforts.
G iv en  th e  lim ita tio n s o f  th e  stu d y , h o w  th en  d o e s  the  
m o d e l p red ic t gen era l p attern s o f  carbon  u p ta k e  
a n d  seq u estra tion ?  A t 20  °C, th e  p h y to p la n k to n  p rey  
p ro d u ce  ~ 7 p g C m L  1 o v er  20  d a y s  (Fig. 3). H o w ev er , 
so m e  o f  th is p ro d u ctio n  is  transferred  to th e  c ilia te , little  
o f it  rem a in s p h y to p la n k to n  b io m a ss , an d  b y  th e  en d  o f  
th e  20  d a y s , in  v ir tu a lly  a ll c a se s , th e  c ilia te  sta n d in g -  
stock  b io m a ss  is  n e g lig ib le  (i.e. a lm o st a ll c ilia tes  d ie ) , 
in d ica tin g  that th is b io m a ss  is  n o t seq u estered ; sim ilar  
r esp o n ses  occu r w h e n  the u p p e r -le v e l grazer, D a p h n ia , is  
a d d ed . L ikely, th is  sm a ll p ro to zo a n , w h ic h  h as n o  hard  
parts, if  n o t gra zed , w o u ld  d ie , rupture, a n d  b eco m e  
part o f  th e  d is so lv e d  organ ic  carbon  pool; th e  b io m a ss  
w o u ld  th en  cy c le  th rou gh  th e  m icrob ia l lo o p  (A za m  
e t a l., 1983; M o n ta g n es , 1996). C on seq u en tly , little  to  
n o n e  o f  th e  carbon w o u ld  b e  seq u estered  o n  a sea so n a l 
or lo n g er  sca le  (e .g . in  sed im en t) , as m ig h t b e  the ca se  
w h e n  cru stacean  p red ators are p resen t (see  F lanagan  
e t a l., 2006). R eco g n iz in g , a n d  in co rp o ra tin g , th is p o te n ­
tial so u rce  o f  recyclin g  w ill u n d o u b te d ly  alter estim a tes  
o f  carbon  seq u ester in g  in  fresh w a ter  m o d els; that is , th e  
im p a ct o f  sh ort-term  p ro to z o a -p h y to p la n k to n  p u lse s  
co u ld  p o ten tia lly  su b sta n tia lly  red u ce  estim a tes o f fresh ­
w a ter  carbon  seq u estra tion .
T he first scen a rio  w e  h a v e  m o d e lle d  (Fig. 3) m a y  
occu r in  fresh w a ters , w h e n  u p p e r  le v e l zo o p la n k to n  
co n su m e r s  are n o t a b u n d a n t (e .g . w h e n  D a p h n ia  are
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co n su m ed  b y  fish ; M cK ee  e t a l., 2002). H o w ev er , w h e n  
th e  k eyston e g ra zer  D a p h n ia  is  p resen t, it  e ffe c tiv e ly  
co n su m es c ilia te s  a n d  th eir  p rey  (Jurgens, 1994). T he  
m o d e l a lso rev ea ls  a c lear  im p a ct o f D a p h n ia  g ra z in g  on  
th e  system , b u t p r o n o u n ced  c il ia te -p h y to p la n k to n  
p u lse s  still occu r  o v e r  a ra n g e  o f  tem p era tu res (Fig. 5b  
a n d  c), su g g e s t in g  th a t th e  d irec t m icrob ia l lin k  m a y  
rem ain  active. S u p p o r t for th is  co n c lu s io n  w a s  recen tly  
p ro v id ed  b y  a lo n g -te r m  d a ta  a n a ly s is  from  th e  sp r in g  
to  the d ea r -w a ter  p h a se  d e v e lo p m e n t in  L ake C o n ­
stan ce  (Tirok & G a ed k e , 2006): a lth o u g h  c ilia tes  re­
m a in ed  the m o s t  im p o rta n t a lg a l grazers in  sp r in g , 
D aph nia  b en efited  fro m  in crea sed  tem p eratu re  b y  
1 -2  C, su b sta n tia lly  en h a n c in g  their g ra z in g  o n  sm a ll, 
p rey  su ch  as C ry p to m o n a s  sp p .
In our m o d e l, p r o d u c tio n  o v e r  th e  2 0 -d a y  p er io d  is  
a lso  a ltered w h e n  D a p h n ia  are a d d e d , b u t th ere  is  a  
m ore p ro n o u n ced  e ffec t o f  tem p era tu re  on  th e  ch a n g e  
in  production  (cf F ig s 3b , c  an d  5b, c). T he a m o u n t o f  
carbon p ro d u ced  th at is  transferred  to  D aph n ia  is  a lso  
in flu en ced  b y  tem p era tu re , su p p o r tin g  a rg u m en ts that 
tem perature c h a n g e  c o u ld  h a v e  larger sca le  im p a cts  on  
fo o d  w eb  d y n a m ic s  (O rcutt & Porter, 1984). W e d o ,  
h ow ever, e m p h a s iz e  th at o u r  in c lu s io n  o f  D a p h n ia  is  
b a sed  on  rea listic  b u t  lim ited  in form ation . B oth  p rey  
le v e l and tem p era tu re  h a v e  n o n lin ea r  effects o n  D aph n ia  
gro w th  and g r a z in g  p a ra m eters (K ibby, 1971; O rcutt & 
Porter, 1984; M o u re la to s  & L acroix, 1990; M cK ee, 1995; 
G ieb elh au sen  & L am p ert, 2001), an d  s tu d ie s  e x is t  on  
in teractive im p a cts  o f  fo o d  a n d  tem p eratu re  on  D aph n ia  
feed in g  attributes (e .g . O rcutt & Porter, 1984; G ieb e l­
h a u sen  & L am p ert, 2001). H o w ev er , n o n e  o f  th e  p u b ­
lish ed  fu n ction a l r e sp o n se s  p r o v id e  su ffic ien t d e ta il to  
appropriately  p a r a m eter ize  m o d e ls  (i.e. p ro d u c e  fu n c ­
tion s sim ilar to  th o s e  illu stra ted  in  Fig. 2 a -c ) . T h ese  p a st  
w o rk s have fo c u se d  o n  a fe w  d iscre te  tem p era tu res and  
p rey  con cen tra tion s, r ep lica tin g  to te s t  for treatm en t 
effects. We h a v e  ta k en  a d ifferen t ap p ro a ch  in  th is  w o rk  
an d  others (e.g. M o n ta g n e s  e t a l., 2001; K im m a n ce e t a l., 
2006): to r ig o ro u s ly  e sta b lish  n o n lin ea r  r e sp o n ses  a p ­
propriate for a p p lic a tio n  in  m o d e ls , fo cu s m u st b e  
p la ced  on  sp r e a d in g  m ea su rem en ts  a lo n g  th e  in d e p e n ­
d en t variab le(s), rather th an  rep lica tin g  d iscre te  treat­
m en ts (M o n ta g n es & B erges, 2004); th is a p p roach  
p ro v id es k ey  in fo rm a tio n  on  th e  sh a p e  o f  resp o n ses. 
G iven  the im p o rta n ce  o f D aph n ia  in  fresh w ater  fo o d  
w e b s , w e  p ro p o se  th at fu tu re  w o rk  fo c u se s  o n  ca refu lly  
p aram eteriz in g  su c h  te m p e r a tu r e -p r e y  resp o n ses.
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Appendix A
Determining the most likely model to describe the 
growth rate of C ry p to m o n a s  sp. as a function of 
temperature: an information-theoretic approach
S ev en  c a n d id a te  m o d e ls  w e r e  id e n tif ie d  th at m ig h t  
d escr ib e  th e  re sp o n se  o f  C ry p to m o n a s  sp . g ro w th  rate to  
tem p era tu re  (Fig. A l ,  Table A l) .  F rom  th e se  th e  m o st  
lik e ly  w a s  se le c te d  u s in g  an  in fo rm a tio n -th eo retic  a p ­
p ro a ch  (B u rn h am  & A n d erso n , 2002). T h e m ajor a d v a n ­
ta g e  o f  th is  ap p ro a ch , as co m p a red  w ith  s im p le  
m ea su res  o f  fit, su ch  a s r2, is  th a t it a cco u n ts  for th e  
m o d e l's  co m p lex ity , th at is  th e  n u m b er  o f  p aram eters  
(A n g ille tta , 2006). T he first s tep  in  th is  p ro ced u re  is  to  
ca lcu la te  th e  A k a ik e  in fo rm a tio n  cr iterion  (AIC) for  
each  ca n d id a te  m o d e l. T h is p r o v id e s  an  e s tim a te  o f  
the re la tiv e  d is ta n ce  b e tw e e n  th e  fitted  m o d e l a n d  th e  
u n k n o w n  tru e  m ech a n ism ; th e  m o st lik e ly  m o d e l is  that 
w ith  th e  lo w e s t  A IC , re la tiv e  to  th o se  in  th e  se t o f  
m o d e ls  (B urnham  & A n d erso n , 2002).
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Fig. A l C a n d id a te  m o d e ls  fit to  Cryptomonas sp . g ro w th  d a ta  
(see m ain tex t fo r de ta ils). D a ta  p o in ts  are  g ro w th  ra te s  (d a y -1), 
and  n u m b ered  lin e s  a re  th e  fo llo w in g  equations: (1) G aussian , 
(2) quadratic , (3) m o d ifie d  G au ssian , (4) W eibull, (5) Schoolfield  
et al. (1981), (6) H in sh e lw o o d  (1947), a n d  (7) F linn  (1991). L ines 
are fo rm atted  to  facilita te  fo llo w in g  th e  p a th  o f each  equation .
In th is  stu d y , th e  c a n d id a te  m o d e ls  (Table A l )  w e r e  
th e  fo u r  b est  p er fo rm in g  th erm al r e sp o n se s  a sse s se d  b y  
A n g ille tta  (2006) (i.e. G a u ssia n , q u ad ratic , m o d ifie d  
G a u ssia n , W eib u ll) a n d  three m o d e ls  th at d escr ib e  
th erm al rate r e sp o n se s  o f  ec to th erm s (see  F linn , 1991; 
H in sh e lw o o d , 1947; S ch o o lf ie ld  et al., 1981). O f th e se  
m o d e ls , o n ly  th o se  p resen ted  b y  S ch o o lfie ld  et al. (1981) 
a n d  H in sh e lw o o d  (1947) h a v e  a m ech a n istic  basis; th e  
o th ers are p h e n o m e n o lo g ic a l.
M o d e ls  w e r e  itera tiv e ly  fit to  re sp o n se  d ata  u s in g  th e  
M a rq u a rd t-L ev en b erg  lea s t  sq u a res a lg o r ith m  (sigma- 
plot), a n d  p a ra m eters w e r e  d e term in ed . T h en , u s in g  
th e  r e s id u a l su m  o f  sq u a res (RSS) from  each  fit, th e  
m a x im iz e d  lo g -lik e lih o o d  v a lu e  (L) o f  th e  m o d e l [Eqn  
(A .l) ]  w a s  d e term in ed  (B u rn h am  & A n d erso n , 2002); 
th is  w a s  u se d  to  ca lcu la te  th e  A IC c (AIC corrected  for  
sm a ll sa m p le  s iz e )  for ea ch  m o d e l [Eqn (A .2)]:
A IC c =  - 2 L  +  2K +  ^ +_ 1|  (A .2)
w h e r e  N  is  th e  sa m p le  s iz e  a n d  K is  th e  n u m b er  o f  
p aram eters ( in c lu d in g  th e  error term ). T he A k a ik e  
w e ig h ts  [Eqn (A .4)] w e r e  ca lcu la ted  from  th e  lik e lih o o d  
o f  ea ch  m o d e l [Eqn (A .3)], as a p ro p o rtio n  o f  th e  total
T able A l  T h e  c a n d id a te  m o d e ls  u se d  to  d e sc rib e  th e  re la tio n sh ip  b e tw e e n  Cryptomonas sp . g ro w th  (/;, d a y  ’ ) a n d  te m p e ra tu re  (T, 
°C or K, d e p e n d in g  o n  th e  m o d e l) ; i ta lic ize d  le tte rs  a re  c o n stan ts
E q u a tio n /s o u rc e  F u n c tio n  K A IC c A, w,
Flinn (1991)
G aussian
Schoolfield et al. (1981)
M odified G a u ss ia n
W eibull
Q uadratic
H in sh e lw o o d  (1947)
d = 1 + (a +  bT +  cT2)
H = ae
V(T) =
p = ae 
p  =  a
(  T  \ \bf  1 !Y(293.15/ R (293.15
1 + e c n  1 
R \ d  T
-o.5(^y
d -  1 t - d / d
p = p0 + a T  + bT2
T - b  ( d -1 ---+ 1/4 »-[(h w -hH" .
u = ae [■==] - beM Lr t J -£R T
d -  1
-6 5 .4 0 0 0.61
-6 3 .4 3 1.97 0.23
-6 1 .4 0 4.01 0.08
-6 0 .3 6 5.05 0.05
-5 9 .6 6 5.74 0.03
-5 3 .6 1 11.8 0.00
-4 7 .5 7 17.8 0.00
A lC c A kaike  in fo rm a tio n  c r ite r io n , K is th e  n u m b e r  o f p a ra m e te rs  in  th e  m o d e l ( in c lu d in g  th e  e r ro r  te rm ), A, is  th e  d iffe ren ce  
be tw een  a  g iv e n  m o d e l 's  A IC c a n d  th a t  of th e  lo w e s t A IC c, a n d  zu, is  th e  A k a ik e  w e ig h t th a t  is  th e  n o rm a liz e d  lik e lih o o d  th a t  th e  
m odel is th e  b e s t  o n e  in  th e  se t. In  th e  S choolfie ld  et al. (1981) m o d el, a is  th e  g ro w th  ra te  a t  te m p e ra tu re  T (K), b is th e  e n th a lp y  o f  th e  
activation  o f  th e  re a c tio n  th a t  is  ca ta ly z ed  b y  th e  lim itin g  e n zy m e , c is  th e  c h a n g e  in  e n th a lp y  a sso c ia te d  w ith  h ig h - te m p e ra tu re  
inac tiva tion  o f  th e  l im itin g  e n z y m e , d is  th e  te m p e ra tu re  (K) a t  w h ic h  th e  e n z y m e  is h a lf  active, a n d  R is th e  u n iv e rs a l g as c o n s ta n t 
(i.e. the  B o ltz m a n n  c o n s ta n t, 8.617343 x 10-5  w h e n  e x p re sse d  in  eV). In  th e  H in sh e lw o o d  (1947) m o d e l, a a n d  b a re  th e  p re ­
exponen tial fa c to rs , c a n d  d a re  a c tiv a tio n  en e rg ie s , a n d  R is  th e  u n iv e rs a l  g a s  c o n s ta n t (i.e. th e  B o ltz m an n  co n stan t).
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Fig. A2 The frequency that candidate functions w ere the best 
perform ing m odels w hen fit to 39 phytoplankton therm al re­
sponse datasets.
lik e lih o o d s  o f a ll th e  ca n d id a te  m o d e ls .
£(gi\x) o c e ^ - ^ A ,J  (A .3)
w h e r e  l { g i \x )  is  th e  lik e lih o o d  o f  th e  m o d e l g u g iv e n  the  
data  x; A, is th e  d ifferen ce  b e tw e e n  a g iv e n  m o d e l's  
A IC c and  that o f  th e  lo w e s t  A IC c; a n d  R  is  th e  se t  o f  
ca n d id a te  m o d e ls .
T h erm al re sp o n se  c u rv es  ty p ic a lly  ex h ib it a le ft-s id ed  
sk e w n e ss  that p la tea u s at th e  o p tim a l tem p eratu re , a n d  
th en  d ec lin es  (e.g . as d escr ib ed  in  M o n ta g n es  e t a l., 
2003). F urtherm ore, th e  sk e w e d  p o rtio n  o f th e  re sp o n se  
g en era lly  fo llo w s  an  e x p o n e n tia l re la tio n sh ip  (e .g . E pp- 
ley, 1972; B issin ger  e t  a l., 2008). From  the ca n d id a te  
m o d e ls  fitted  to th e  C ry p to m o n a s  sp . data (Table A l) ,  
the q uadratic  m o d e l w a s  u n a b le  to  d escr ib e  th is  in itia l 
ex p o n en tia l r e sp o n se  (F ig. A l) ,  and  w a s  th erefore  re­
jected . O f the rem a in in g  fu n c tio n s , th e  p h e n o m e n o lo g i­
cal m o d e l o f  F lin n  (1991) h a d  b o th  th e  lo w e s t  A IC c an d  
h ig h e s t A k a ik e  w e ig h t . T h u s, it w a s  th e  m o st lik e ly  
fu n ctio n  o f  th is  se t  o f  m o d e ls  a n d  w a s  u se d  to p r o v id e  a 
p red ic t iv e  r e sp o n se  in  o u r  m o d e llin g  w ork .
A  fu rth er a ss e s sm e n t  o f  th is  ty p e  o f  cu rv e  fittin g  on  
39 p h y to p la n k to n  th erm al r e sp o n se  d a ta se ts  rev ea led  
that th e  G a u ss ia n  a n d  q u ad ratic  fu n c tio n s  w e r e  th e  
m o st lik e ly  m o d e ls  (F ig. A 2), w ith  th e  F lin n  (1991) 
fu n ctio n  th e  th ird  b est p er fo rm in g  m o d e l. H o w e v e r , 
as n o ted  a b o v e , th e  q u ad ratic  fu n ctio n  d o e s  n o t d escr ib e  
th e  e x p o n e n tia l p o rtio n  o f  th e  resp o n se; s o  for  c o n s is ­
ten cy  w e  h a v e  u s e d  th e  F linn  (1991) fu n ctio n  (Table A l)  
to  stru ctu re  a ll o u r  tem p era tu re  r e sp o n se s  in  th is  w o rk  
o n  m o d e llin g  th e  effec ts  o f  tem p era tu re  o n  p rotistan  
p o p u la t io n  d y n a m ic s .
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